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 The Enterprise nickel deposit (41 Mt at 1.07% Ni) is located within the western Domes 
region in the North-Western Province of Zambia.  The deposit represents an apparently new style 
of hydrothermal nickel mineralization.  The deposit area contains basement schists overlain by 
metasedimentary rocks of the Lower Roan Subgroup of the Katangan Supergroup.  Nickel 
sulfide mineralization is hosted in a sequence of quartz- , carbonate-, and carbonaceous-rich 
metasedimentary rocks deposited within a northeast-trending graben that interfinger with and 
overlie the Lower Roan Subgroup basal siliciclastic metasedimentary rocks. A low angle 
structural zone occupied by polylithic breccia that is interpreted to have formed by halokinesis 
separates these rocks from overlying siltstones and dolomitic siltstones of the overlying 
Mwashya Subgroup and diamictites of the Nguba Group.  Mafic igneous rocks occur throughout 
the sequence but are most abundant within and adjacent to the sequence hosting the ore.  Lufilian 
deformation between 590 and 500 Ma produced low angle structures along the edges of Upper 
Roan Subgroup and locally along the basement-Katangan contact. Lufilian age metamorphism 
affected the entire sequence of rocks at Enterprise but well developed schistose fabrics and 
kyanite-bearing assemblages are restricted to the basement and the Lower Roan Subgroup rocks.  
Intense silicification and magnesian metasomatism apparently occurred nearly concurrently with 
a regional metamorphic event and resulted in talc, chlorite, and kyanite alteration of the host 
rocks. Mineralization resulted in the precipitation of nickel and iron-nickel sulfide minerals in 
veins and as semi-massive replacements of the host rocks.   Nickel sulfide minerals precipitated 
in two main stages: 1) a millerite-vaesite-pyrite assemblage in vuggy textured rocks that forms 
disseminations and semi-massive replacements, and 2) a later millerite-bravoite-molybdenite 
assemblage that forms semi-massive replacements and occurs in quartz-kyanite veins.  A discrete 
zone of copper sulfides underlies the nickel sulfide zones.  Sulfur isotopic studies indicate 
Neoproterozoic marine sulfate was the primary source of sulfur at Enterprise.  Carbon and 
oxygen isotope values at Enterprise suggest that organic carbon was not highly oxidized during 
the mineralization event though mineralized zones occur adjacent to highly carbonaceous 
sediments with total organic contents up to 17%. Re-Os geochronology yielded a 540.6 + 1.8 Ma 
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CHAPTER 1  
INTRODUCTION 
 
 The Enterprise deposit contains nickel-bearing sulfides as replacements of 
metasedimentary rocks and in veins cutting metasedimenary rocks. While a majority of the 
world's nickel comes from magmatic deposits in which nickels sulfides are concentrated in melts 
(Arndt et al., 2005), a new class of deposits have been described that contain nickel mobilized by 
hydrothermal processes (González-Álvarez, 2013).  The Enterprise deposit appears to represent a 
previously undescribed style of hydrothermal nickel mineralization.  The following work 
presents framework descriptions and interpretations that should be built upon as hydrothermal 
nickel deposits become a more important exploration target (González-Álvarez, 2013). 
Enterprise is located on the eastern edge of the Kabompo Dome in the North-Western 
Province of Zambia approximately 300 km west of the Zambian Copperbelt (Figure 1.1).  This 
area of Zambia, known as the Domes region due to the presence of ortho- and paragneiss and 
schist cored basement complexes rimmed by Neoproterozoic metasedimentary rocks, contains a 
number of major copper deposits, including the Sentinel deposit 17 kilometers to the southeast, 
the Lumwana deposits approximately 50 kilometers to the east, and the Kansanshi deposit 
approximately 150 kilometers to the east.   
 The Enterprise area was first prospected by Roan Selection Trust Technical Services Ltd. 
(RST) in the 1950s. They employed soil geochemical surveys that identified both the Enterprise 
(then called Kiwaco) and Sentinel (then called Kalumbila) areas as containing anomalous 
copper.  Subsequently, they completed 31 drill holes in the Enterprise area and identified a small, 
near-surface nickel-copper resource (Appleton, 1978).  Political instability in the North-Western 
Province during the late 1960s and later nationalization of the mining industry in Zambia led to a 
hiatus in mineral exploration in the area. Anglo American Corporation resumed exploration in 
the area during the early 1990s, with efforts focused at the Sentinel (Kalumbila) deposit (Steven 
and Armstrong, 2003). In 2007 Kiwara PLC, a London listed junior company, explored the 
Enterprise property through electromagnetic surveys and the drilling of two diamond holes, both 





Figure 1.1:  Simplified geologic map of the Central African Copperbelt showing the location of 
the Enterprise deposit.  The Zambian Copperbelt in the southeast portion of the region contains a 
number of copper deposits surrounding the Kafue anticlinorium, the easternmost basement inlier 
in northern Zambia.  The Congolese Copperbelt forms a WNW-trending arc extending from the 
northern edge of the Zambian Copperbelt to the Tenke-Fungarume deposits and then along a 
westward trend to the Kolwezi district.  The Domes region is typically taken as the area from the 
Solwezi dome westward to the Kabompo Dome.  The map has been modified from Woodhead 
(2013). 
  
First Quantum Minerals Ltd. acquired Kiwara PLC in late 2010 and initiated an 
aggressive exploration program at Enterprise that quickly identified substantial amounts of 
nickel-mineralized material within metasedimentary rocks of the Katangan Supergroup. To the 
end of 2012 over 300 holes had been drilled and First Quantum Ltd. announced a maiden 
measured and indicated mineral resource of 40.1 Mt of 1.07% Ni (http://www.first-
quantum.com/Media-Centre/Press-Releases/Press-Release-Details/2012/First-Quantum-
Minerals-Provides-Update-on-Kansanshi-and-Enterprise-Mineral-Resource-and-Reserve-
Estimates1132197/default.aspx). As currently known the Enterprise deposit consists of the 
Enterprise Main and Enterprise Southwest zones; this study deals primarily with the Main Zone 
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which contains a series of mineralized bodies that range in thickness from a few meters to over 
80m and cover an area of 1000m by 500m. Although supergene nickel mineralized material is 
present at Enterprise it was not investigated in the present study. 
 The Enterprise deposit is hosted within an interlayered sequence of siliciclastic and 
carbonate metasedimentary rocks in the lower portion of the Roan Group of the Neoproterozoic 
Katangan Supergroup.  Intense silicification and magnesian metasomatism apparently occurring 
nearly concurrently with a regional metamorphic event resulted in talc, chlorite, and kyanite 
alteration of the host rocks. Mineralization resulted in the precipitation of nickel and iron-nickel 
sulfides in veins and as semi-massive replacements of the host rocks. The Enterprise deposit lies 
on the southern limb of a large scale, open syncline that plunges gently to the southwest.  The 
deposit area contains a series of generally northeast-striking normal faults that appear to control 
the thickness of metasedimentary units as well as the location of the mineralized zone.  These 
normal faults are cut off upwards by a low angle zone of carbonate-rich breccia interpreted to 
represent a halokinetic breccia. The normal faults are apparently cut off at depth by a low angle 
structure that locally occupies the contact between the Katangan Supergroup sedimentary section 
and underlying metamorphic basement rocks.  
The Enterprise area is covered by soil and saprolite.  There is essentially no outcrop in 
the study area.  This study is based on detailed core logging of 21 drill holes from within the 
Main Zone to construct several cross sections through the central portion of the deposit. The 
architecture of the deposit was further delineated using company drill logs of additional holes to 
construct additional cross sections through the deposit area (Appendix A).  The sections were 
then utilized to build a bedrock geological map of the deposit area. 
Samples collected during logging were submitted for whole rock and trace element 
analysis (Appendix B).  Additional samples were collected for petrographic and stable isotopic 
studies at the Colorado School of Mines.  These samples were analyzed utilizing standard 
transmitted and reflected light petrographic techniques and automated quantitative mineralogical 
analysis (QEMSCAN®) in order to characterize mineralogy and the paragenetic sequence of 
alteration and mineralization (Appendix C).  
The QEMSCAN® instrument at the Colorado School of Mines is an automated 
quantitative mineralogy tool that utilizes a Carl Zeiss EVO50 SEM platform, four Bruker energy 
dispersive (EDS) detectors, and proprietary software to produce false-colored mineral maps from 
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backscatter electron signals and EDS (energy dispersive spectrometer) spectra.  A PC-based 
software suite, iDiscover™, allowed automated data acquisition and interactive data analysis. A 
number of samples were also analyzed for carbon and oxygen isotopic characterization of 
carbonate minerals (Appendix D) and for sulfur isotopic analysis of sulfides (Appendix E).  
Eight samples were analyzed for total organic carbon at GeoMark Research Rock 
Laboratory in Humble, Texas using a LECO Carbon Analyzer.  Samples were treated with 
hydrochloric acid prior to analysis to remove inorganic carbon (carbonate), then heated to 
1350°C to convert the remaining carbon to CO2.  The gas is directed through two moisture and 
and chlorine gas removing scrubber tubes before being measured by an infrared (IR) detector.  
Total organic carbon content is reported in wt% and a steel standard is used for calibration 
(Merrill, 1991).   
This study utilizes currently available data to present a detailed description of the 
stratigraphy and structure of the host rocks of the Enterprise deposit as well as the paragenetic 
sequence of metamorphism and hydrothermal metasomatism and associated sulfide 
mineralization.  These data are then combined with information from stable isotopic studies to 
allow comparison with copper deposits in the Central African Copperbelt and other hydrothermal 
and sedimentary-hosted nickel deposits.  Investigation demonstrates lithostratigraphy is broadly 
correlative to that throughout the rest of the Central African Copperbelt and that overprinting 
mineral assemblages, including sulfide precipitation, occurred at apparently elevated P/T 
conditions.  While Enterprise appears to share similarities with other known deposits, the 
differences are substantial.  A comparison is presented within the Discussion chapter of this 
thesis. Overall, the data derived from the study of the Enterprise nickel deposit allow for a better 
understanding of the geology and genesis of deposits throughout the Central African Copperbelt. 
Because the Enterprise deposit represents a new, previously undescribed type of nickel deposit, 






CHAPTER 2  
REGIONAL GEOLOGIC SETTING 
 
 The ore deposits of the Central African Copperbelt occur primarily within 
Neoproterozoic metasedimentary rocks of the 5-10 km thick Katangan Supergroup (Cailteux, et 
al., 2005a).  This sedimentary sequence was deposited within a series of intracratonic basins 
developed on the Congo craton during the initial collision of the Congo continent with the 
Rodinian supercontinent (Scotese, 2009) that eventually resulted in the break-up of Rodinia 
(Porada and Berhorst, 2000). Rocks of the Katangan Supergroup occur within a series of 
extensional depocenters or sub-basins within a broad Katangan basin. While sharing broadly 
similar stratigraphic sequences, individual depocenters had distinctive features, particularly 
within their basal successions.  The economically most important and hence best-studied 
depocenters are those in the Zambian Copperbelt and the Congolese Copperbelt. The 
geologically less well-known North-Western Province in which Enterprise is located contains a 
sequence of Katangan Supergroup rocks that is broadly correlative with those known in the 
Zambian and Congolese Copperbelts. 
 Within the Zambian Copperbelt Katangan metasedimentary rocks unconformably overlie 
Paleoproterozoic schists and gneisses that have been yielded age dates  between ~2050 and 
~1800 Ma (Rainaud et al., 2000), which recorded both crystallization and Paleoproterozoic 
metamorphic ages. In the North-Western Province metamorphosed Katangan age rocks are also 
observed to overlie basement schists and gneisses of approximately similar age (~2200-1800 Ma; 
Begg, 2011). Further north in the portion of the Central African Copperbelt within the 
Democratic Republic of Congo (DRC), the base of the Katangan sequence is not observed except 
on the western margins of the basin (Schmandt, 2012; Broughton and Rogers, 2010).   
The Katangan Supergroup within the Central African Copperbelt has been subdivided 
into three main sequences (Hitzman et al., 2012 and references therein, Figure 2.1). The 
lowermost sequence, termed the Roan Group, includes initial rift-stage siliciclastic sedimentary 
rocks, post-rift evaporitic carbonate rocks, and sedimentary rocks deposited during a later 
extensional event together with mafic igneous flows and sills.  The overlying Nguba Group is 
composed of siliciclastic and carbonate sedimentary rocks and includes at its base the Grand 
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Conglomérat diamictite, a regional marker unit. The Kundelungu Group comprises the 
uppermost unit in the Katangan Supergroup sequence.  The Kundelungu Group commences with 
a regional marker unit, the Petit Conglomérat diamictite, and contains dominantly shallow 
marine to terrestrial siliciclastic rocks (Batumike et al., 2005, 2006). The maximum age of the 
basal Roan Group strata is constrained in the Zambian Copperbelt by the unconformably 
underlying 883±10 Ma Nchanga granite (Armstrong et al., 2005). 
The lower portion of the Roan Group in the Zambian Copperbelt is termed the Lower 
Roan Subgroup.  It contains subaerial to lacustrine or shallow marine siliciclastic sediments 
dominated by hematitic conglomerates and arkosic sandstones that are abruptly overlain in the 
western portion of the Zambian Copperbelt by a regionally extensive, variably organic-rich 
marine siltstone/ shale termed the Copperbelt Orebody Member or "Ore Shale".  In the eastern 
portion of the Zambian Copperbelt the basal subaerial siliciclastic sedimentary rocks of the 
Lower Roan Subgroup grade upward into a near-shore facies package of marine sandstones, 
siltstones, and carbonate rocks that are stratigraphically equivalent to the Copperbelt Orebody 
Member (Selley et al., 2005).  The Lower Roan Subgroup rocks throughout the Zambian 
Copperbelt are overlain by laterally extensive marine carbonates and generally finer-grained 
siliciclastic rocks that comprise the Upper Roan Subgroup (Selley et al., 2005).  These rocks 
display abundant evaporitic textures and interbedded primary evaporitic horizons (Woodhead, 
2013). The Upper Roan Group in the Zambian Copperbelt also contains stratiform breccias that 
have been variably interpreted as representing major décollements (Cailteux et al., 1994; 
Cailteux and Kampunzu, 1995), sedimentary syn-orogenic conglomerates (Wendorff, 2005), or 
stratiform, salt-related breccias (Selley et al., 2005). Lithologically similar breccias occur at 
approximately the same stratigraphic interval in the Enterprise area. 
The stratigraphically lowest portion of the Roan Group sequence observed in the 
Congolese Copperbelt consists of variably dolomitic, fine-grained, hematitic, stratified 
(commonly indistinctly) siltstones and sandstones of the R.A.T. ("Roches Argilo-Talquesuses") 
Subgroup.  Up to 230 m of these sedimentary rocks have been intersected in drill holes in the 
Kolwezi district (Figure 1.1) where they consist of distinctly stratified dolomites, sandstones, and 
purple-striped (hematitic) siltstones (François, 1973).  Rocks in the R.A.T. Subgroup are quartz-
poor and rich in Mg-bearing minerals with abundant dolomite, magnesite, Mg-chlorite, and talc 






Figure 2.1:  Generalized stratigraphy of the Neoproterozoic (Cyrogenian) Katangan Supergroup 
in the Congolese Copperbelt, North-Western Province (Enterprise area), and Zambian 
Copperbelt.  Colors link lithostratigraphically equivalent sequences.  The exact correlation of the 
stratigraphic sequence at Enterprise with those of the Zambian and Congolese copperbelts is 
unclear.  The Enterprise Graben Sequence could belong to either the Upper or Lower Roan 
Subgroups of the Zambian Copperbelt. Data from Hitzman et al., 2012 and references therein. 
 
evaporitive depositional environment and/or extreme metasomatism (Cluzel, 1985; Moine et al, 
1989; Kampunzu et al., 2005).  The base of the R.A.T. Subgroup is ubiquitously occupied by a 
distinctive, regional breccia which resembles the largely stratabound monolithic to polylithic 
conglomerates present in the Upper Roan Subgroup of the Zambian Copperbelt.   
The R.A.T. Subgroup in the DRC is overlain by marine dolomites and mixed dolomite-
siliciclastic rocks of the Mines and Dipeta subgroups (François, 1973; Cailteux, 1994; Cailteux 
et al., 2005a; Kampunzu et al., 2005). Rocks of the R.A.T., Mines, and Dipeta Subgroup are 
present only as blocks or écailles (in French, fish scales) within megabreccias that have a similar 
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matrix mineralogy to siltstones of the R.A.T. Subgroup.  These breccias are interpreted to have 
resulted from halokinetic movement of salt within the Roan Group sequence (Demesmaeker, 
1963; De Magnée and François, 1988; Kampunzu and Cailteux, 1999; Jackson et al., 2003; 
Hitzman et al., 2012).  
The stratigraphic correlation between lower and middle Roan Group sedimentary rocks in 
the Zambian and Congolese Copperbelts has been contentious and hampered by the lack of 
exposure of the base of the Roan Group sequence in the DRC. Many workers have equated the 
Copperbelt Orebody Member of the Lower Roan Subgroup in Zambia with the ore-bearing 
Kamoto Formation of the Mines Subgroup in DRC (Cailteux et al., 2005a, 2007). However, the 
Kamoto Formation has also been correlated with the more carbonate-dominant Upper Roan 
Subgroup (Gray, 1930; Hitzman et al., 2012; Woodhead, 2013).   
The Mwashya Subgroup overlies the uppermost level of breccia in the Upper Roan 
Subgroup in the Zambian Copperbelt. In the Congolese Copperbelt the Mwashya Subgroup is the 
lowest structurally intact unit within the known portion of the stratigraphic sequence. The 
Mwashya Subgroup has traditionally been viewed as being composed of a lower dolomitic 
sequence and an upper, normally shale-dominated clastic sequence (Mendelsohn, 1961; François 
1973; Cailteux, 1994). Recent work in both Zambia and the DRC places the lower dolomitic 
sequence within the Upper Roan/Dipeta Subgroup and recognizes significant lateral facies 
changes within the upper clastic sequence (Cailteux et al., 2007; Bull et al., 2011).  In the 
Zambian Copperbelt the Mwashya Subgroup contains a number of gabbroic intrusions.  
Compositionally similar mafic intrusions and extrusive units occur within the Mwashya 
Subgroup in the North-Western Province of Zambia and have crystallization ages ranging from 
765 to 735 Ma (Key et al., 2001; Barron, 2003).  Recent U-Pb laser ablation-inductively coupled 
plasma mass spectrometry (LA-ICPMS) dating of zircons from mafic rocks along the eastern 
edge of the Kabompo Dome yield similar crystallization ages of 760 to730 Ma (Begg, 2011; 
Wood, 2012). 
Throughout the Central African Copperbelt the Mwashya Subgroup is overlain by a 
sequence of siliciclastic sedimentary rocks with lesser carbonate rocks that is termed the Nguba 
Group (Cailteux et al., 2005a). The distinctive Grand Conglomérat unit (François, 1973) marks 
the base of the Nguba Group. The Grand Conglomérat is composed of variably clast-rich 
diamictites with mudstone/siltstone/sandstone interbeds and is believed to be a glacially-derived 
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sequence (Binda and Van Eden, 1972; Wendorff and Key, 2009; Master and Wendorff, 2011) of 
Sturtian age.  The precise age of the Sturtian glacial event is debated. However, most evidence 
points to between ~700 and ~725 Ma, though an age of ~740 Ma has also been proposed (Key et 
al., 2001; Bodiselitsch et al., 2005; Bowring et al., 2007; Smith, 2009; Xu, 2009; McDonald et 
al., 2010). The Grand Conglomérat is overlain by massive carbonate rocks (Kakontwe 
Limestone; Cailteux et al., 2007) or carbonate-bearing to carbonate-poor siltstones and 
sandstones. Nguba Group rocks above the Kakontwe Limestone consist of dolomitic sandstones 
and siltstones in the DRC (Batumike et al., 2005, 2006); this sequence is poorly known in 
Zambia. 
In the DRC the Nguba Group is overlain by the Kundelungu Group. The basal unit of the 
Kundelungu Group is the Petite Conglomérat, a diamictite that is believed to be time-equivalent 
to the ~635 Ma Marinoan (Hoffmann et al., 2004; Master and Wendorff, 2011) glaciogenic 
event. This diamictite is overlain in the DRC by weakly metamorphosed and deformed 
limestones and dolomitic sandstones, siltstones, and argillites that pass upsection into 
argillaceous sandstones, arkosic sandstones, and conglomerates (Cailteux et al., 2005a; Batumike 
et al., 2006, 2007).   
The Katangan stratigraphy in the Domes region is poorly understood compared to that of 
the Zambian and Congolese Copperbelts due to a lack of deep drill holes and locally intense 
deformation, metamorphism, and metasomatism. Available information from known deposits 
(e.g. Torrealday et al., 2000, Broughton et al., 2002; Barron, 2003; Bernau et al, 2007; Bernau, 
2007) suggests that the Katangan sequence the North-Western Province is broadly similar to that 
recognized elsewhere in the Central African Copperbelt. The basal portion of the sequence 
occurs around the basement-cored domes (Figure 2.2). The lowest unit is the Roan Group that 
contains a basal sequence of siliciclastic sedimentary rocks (Lower Roan Subgroup) that grade 
upward to into more carbonate-rich sediments with stratabound breccias (Upper Roan 
Subgroup).  These rocks are overlain by siltstone, shale, minor carbonate rocks, and locally 
abundant mafic igneous rocks of the Mwashya Subgroup.  The Nguba Group Grand 
Conglomérat is present throughout the area and forms a regional marker unit.  Although the 
Kakontwe Limestone is recognized in the area, it has been poorly studied and the sedimentary 
sequence overlying the Kakontwe Limestone is virtually unknown. 
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The geology of the eastern Kabompo Dome area that hosts the Enterprise deposit (Figure 
2.3) is known from recent geological mapping, geophysical surveys, and drilling by First 
Quantum Minerals Ltd. The Katangan sequence in this area contains a basal siliciclastic package 
that appears to vary in thickness from several hundred meters to over 600 meters. This sequence 
of rocks displays characteristics of both the Lower Roan Subgroup of the Zambian Copperbelt 
(redbed conglomerates and sandstones) and the R.A.T. Subgroup of the Congolese Copperbelt 
(talc-rich hematitic siltstones). At the Enterprise deposit this Lower Roan Subgroup succession 
grades upwards into a distinctive sequence of carbonate- and quartz-rich metasedimentary rocks 
with abundant mafic igneous rocks termed the Enterprise Graben Sequence by First Quantum 
geologists. The Lower Roan Subgroup along the eastern margin of the Kabompo Dome is 
overlain by an approximately 200m thick section of predominately marine platformal carbonate 
rocks with subordinate siliciclastic rocks that contains and is commonly capped by stratiform to 
discordant, probably halokinetic, breccias.  This carbonate sequence is stratigraphically 
equivalent to the Upper Roan Subgroup of the Zambian Copperbelt (Selley et al., 2005; Bull et 
al., 2011) and to the Mines and Dipeta subgroups in the Congolese Copperbelt (François, 1973; 
Cailteux, 1994; Cailteux et al., 2005a; Kampunzu et al., 2005). 
The Upper Roan Subgroup carbonate and evaporite sequence is overlain along the eastern 
edge of the Kabompo Dome by a heterogeneous package of siltstones, shales, silty carbonate 
rocks, and thin carbonate beds up to 450m thick (M. Hitzman, pers. comm., 2013) that is 
correlated with the Mwashya Subgroup.  Regional mapping suggests this sequence displays rapid 
facies changes probably indicative of syn-sedimentary tectonism (M. Hitzman and D. Wood, 
pers. comm., 2013).  The Sentinel copper deposit occurs within a thick phyllitic unit (known as 
the Sentinel or Kalumbila Phyllite) within the Mwashya Subgroup; this unit was previously 
correlated with the Copperbelt Orebody Member of the Lower Roan Subgroup (Stevens and 
Armstrong, 2003). 
The Mwashya Subgroup sequence along the eastern edge of the Kabompo Dome is 
overlain by the Nguba Group Grand Conglomérat.  The Grand Conglomérat appears to have a 
maximum thickness in this area of approximately 200m and is composed of variably clast-rich 
diamictites with mudstone to siltstone to sandstone interbeds. To the northeast of Enterprise and 
Sentinel the top of the Mwashya Subgroup and the Grand Conglomérat units contain up to 150m 
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of basaltic flows and sills.  Limited data from mapping and geophysical surveys suggests these 
volcanic rocks thicken adjacent to Mwashya-age syn-sedimentary faults.  These rocks are 
 
 
Figure 2.2:  Generalized geological map of the North-Western Province of Zambia (Domes 
region) showing the locations of the Enterprise Ni deposit as well as the location of major copper 
deposits.  The apparent absence of significant Mwashya Subgroup and Nguba Group rocks in the 
eastern and western portions of the map area and the apparent predominance of Kundelungu 
Group rocks may be due to incomplete or inaccurate mapping.  The geology of the Luiswishi 
dome area is from Ayers (1975). The geology in the Solwezi Dome and Kansanshi areas is based 
on Arthurs and Legg (1974), Barron, (2003), and data from First Quantum Minerals Ltd., 
Zambia.  The geology of the Mwombezhi Dome area is from Mulelua and Seifert (1998) and 
Bernau (2007); the geology of the Kabompo Dome area is from Appleton (1978), Key et al. 
(2001), Klinck (1977), and data from First Quantum Minerals Ltd., Zambia. This figure is 
modified from Hitzman et al., 2012. 
 
probably equivalent to the mafic volcanic rocks mapped to the west of the Kabompo Dome in the 
Mwinilunga area (Key et al., 2001).  The Grand Conglomérat unit along the eastern edge of the 
dome appears to be everywhere overlain by carbonate rocks that correspond 
lithostratigraphically to the Kakontwe Limestone (Cailteux et al., 2007).  Dolomitic sandstones 
and siltstones of the overlying Nguba Group (Batumike et al., 2006, 2007) are poorly known in 
the Kabompo Dome area. 
Pan-African inversion and deformation of the Katangan succession occurred during the 
~590 – 500 Ma Lufilian orogeny and produced an arcuate belt of open to tight folds and reverse 
12 
 
faults extending from the Kolwezi area of DRC to the Zambian Copperbelt (Cahen et al., 1984; 
Kampunzu and Cailteux, 1999; Rainaud et al., 2005). In the Zambian Copperbelt, the Lufilian 
event resulted in basin inversion with complex folding along and adjacent to earlier formed 
normal faults that commonly underwent reverse reactivation (McGowan et al., 2003, 2006; 
Selley et al., 2005). The effects of metamorphism and deformation associated with the Lufilian 
event are regionally heterogeneous.  Katangan rocks of the Congolese Copperbelt generally 
reached lower greenschist facies metamorphic conditions, whereas rocks in the Zambian 
Copperbelt contain biotite/phlogopite-bearing assemblages and attained greenschist to lower 
amphibolite facies conditions (Ramsay and Ridgeway, 1977). Rocks in the North-Western 
Province of Zambia commonly contain garnet- and/or kyanite-bearing assemblages (Cosi et al., 
1992; Broughton et al., 2002); peak metamorphic conditions were estimated for talc-kyanite 
whiteschists located along the contact between the basement and the Katangan Supergroup 
sedimentary sequence, and were dated at ~530 Ma (John et al., 2004).  The age of metamorphism 
in the Enterprise area is constrained to approximately 546 Ma from U-Pb dating of monazite 
from the hangingwall of the Sentinel deposit (Steven and Armstrong, 2003). The heterogeneity 
of Lufilian metamorphism has traditionally been ascribed to crustal exhumation and thrust 
stacking of basement and Katangan rocks linked to closure of a southern ocean basin (Cosi et al., 






Figure 2.3:  Generalized bedrock geology map of the eastern Kabompo Dome showing the 
locations of the Enterprise nickel and Sentinel copper deposits.  The Katangan Group sediments 
overlie Paleoproterozoic rocks, commonly along a low angle structure.  The Upper Roan and 
Mwashya Subgroup sequences appear to be locally cut out in numerous areas due to movement 
along low angle structures, several of which are occupied by stratiform, apparently halokinetic 
breccias.  The Enterprise deposit is located within a major synform.  Data is from First Quantum 






CHAPTER 3  
LITHOSTRATIGRAPHY OF THE ENTERPRISE DEPOSIT AREA 
 
Drilling in the Enterprise area has intersected rocks from basement schists through 
metasedimentary rocks of the basal Katangan Supergroup (Lower Roan Subgroup) up to the 
Grand Conglomérat unit of the Nguba Group (Figure 3.1).  Within the Enterprise area portions of 
the Upper Roan Subgroup and much of the Mwashya Subgroup are missing apparently due to cut 
out along low angle structures (Figure 3.2).  The lithostratigraphy presented here is based 
primarily on drill holes from Enterprise but contains information derived from geological 
















Figure 3.2:  Cross section (D-D'; Appendix A) through the Main Zone at Enterprise.  The locations of faults on this section are based 
on drill core logging and cross section construction.  An early set of normal faults that appears to have controlled the thickness and 
facies architecture of the Lower Roan Subgroup sequences are apparently cut off at depth by a shear zone that corresponds in many 
areas to the contact between basement schists and the overlying Katangan Supergroup sequences.  The normal faults are also cut off 









Figure 3.3:  Generalized stratigraphy of the Katangan rocks in the eastern Kabompo Dome area 
and at the Enterprise deposit. Note that conglomerates at the base of the basal siliciclastic unit 
are generally not present at Enterprise.  Also missing at Enterprise is the majority of the Upper 
Roan Subgroup carbonate sequence and the Mwashya Subgroup.  The Kabompo Dome 




3.1 Pre-Katangan Basement 
 The Katangan Supergroup metasedimentary sequence at Enterprise overlies basement 
schists. Mapping within the eastern Kabompo Dome demonstrates that the basement sequence is 
heterogeneous and consists of schist, paragneiss, and orthogneiss.  U-Pb and Hf isotopic (LA-
ICPMS) analysis of zircons within basement rocks from the eastern Kabompo Dome (Begg, 
2011; Wood, 2012) yield a range of ages suggesting that these rocks were derived from both 
igneous (~2.22 to 1.83 Ga) and sedimentary rocks that underwent metamorphism at 
approximately 1.9 to 1.8 Ga and again during a Lufilian metamorphic event at approximately 
550-530 Ma.  These dates agree with data on basement rocks from elsewhere in the Central 
African Copperbelt region (Rainaud et al., 2005a,b).  
Drilling at Enterprise has intersected only several tens of meters of basement rocks.  
These rocks show a great deal of mineralogical variability relative to the contact with the 
overlying Katangan metasedimentary rocks.  In some drill holes it is difficult to accurately pick 
the contact between the basement and the Katangan Supergroup rocks as mineralogies appear to 
grade into one another in a zone of phyllosilicate-rich schist. 
Basement rocks furthest from the contact are dominantly medium-grained, well-foliated 
quartz-biotite schists (Figure 3.4 A, B, C) with lesser amounts of potassium feldspar, plagioclase, 
muscovite, and epidote and minor garnet, dolomite, tourmaline, rutile, and apatite. The basement 
sequence also contains less obviously foliated rocks consisting largely of granoblastic quartz 
with intergrown biotite and muscovite, and minor plagioclase, epidote, and scapolite (Figure 3.4 
D, E, F). Strongly foliated schists display partitioned bands of quartz and biotite.  Biotite-rich 
bands consist of biotite intergrown with muscovite and epidote and commonly contain 
plagioclase porphyroblasts (<1 mm up to 2 cm).  Quartz-rich bands consist of relatively fine-
grained granoblastic quartz with sparse muscovite and biotite. Petrographic and QEMSCAN® 
analysis suggests that the biotite in these rocks is iron rich. Megascopically, two foliations are 
sometimes apparent in these rocks.  The dominant foliation is flat-lying and generally parallel to 
the contact between the basement rocks and the overlying Katangan Supergroup rocks; this 
foliation is thought to be Katangan in age. During core logging a second, higher-angle foliation 
largely defined by biotite was occasionally noted. This foliation could represent the earlier 
Paleoproterozoic deformational fabric.  This high-angle foliation was not observed in the thin 
sections of the basement examined for this study.  However, trails of epidote inclusions within 
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plagioclase porphyroblasts at a high angle to the dominant foliation were observed in some thin 
sections and may represent an earlier, relict foliation (Figure 3.5).   
Basement schists within meters of the contact with the Katangan Supergroup rocks in 
several of the drill holes at Enterprise display less muscovite, increasingly phlogopitic biotite, 
increased amounts of porphyroblastic plagioclase that commonly has an albitic composition, and 
increased amounts of kyanite (Figure 3.4 G, H, I). Kyanite typically forms blocky to elongage, 
poikioblastic crystals with abundant quartz inclusions. Kyanite abundance steadily increases 
towards the contact in step with a decrease in muscovite. QEMSCAN® analysis suggests 
plagioclase porphyroblasts become increasingly albitic in composition towards the contact; the 
most albitic plagioclase appears to be intergrown with minor potassium feldspar and 
dolomite/calcite. Apatite and rutile are increasingly common in rocks closer to the contact.  
Within several meters of the contact talc is present within the schists.  It appears to be both 
intergrown with, and to replace, small crystals of kyanite that grow parallel to the foliation.  Near 
the contact the schists are strongly foliated subparallel to the contact.  Immediately adjacent to 
the contact veins of quartz commonly with minor albite and bladed specular hematite cut the 
schists and may be folded, boudinaged, and/or sheared.  The actual contact between the pre-
Katangan basement and the overlying Katangan Supergroup metasedimentary package is 
commonly occupied by strongly foliated, coarse-grained, phlogopite-rich schists (Figure 3.4 J, K, 
L). Talc, Mg-chlorite (composition from petrography and QEMSCAN® analysis), and fine-
grained kyanite, sometimes with abundant apatite, are observed locally within these coarse 
grained schists.   
Some drill holes at Enterprise, particularly those on the southern portion of the deposit 
area where schists are juxtaposed against the basal Katangan rocks by normal faults (Figure 3.2), 
do not contain a coarse-grained, strongly-foliated, phlogopite-rich contact zone between the 
basement and the overlying Katangan sequence.  Thus, it appears that the contact locally 
represents a shear zone but that in other places the shear zone cuts down into the basement rocks. 
The textures of the basement rocks at Enterprise suggests that they represent 
Paleoproterozoic rocks that were metamorphosed prior to the Neoproterozoic.  They appear to be 
similar to the Lufubu schists in the Zambian Copperbelt, which underwent metamorphism at 
approximately 1.9 Ga. (Rainaud et al., 2005b) and again during the Lufilian event.  Lufilian 












Figure 3.4:  Basement rocks from the Enterprise deposit area.  (A) Well-foliated basement 
quartz-biotite-muscovite schist. ENT DD0012, 633.3m.  (B) Plane-polarized photomicrograph of 
A showing that the schist contains discrete, discontinuous bands of both quartz and biotite-
muscovite-epidote. (C) Cross-polarized photomicrograph under cross polars of B illustrating that 
quartz displays a sutured to polygonal texture.  (D) Fine-grained granoblastic rock from within 
the basement rock sequence. The rock contains small, apparently unoriented plagioclase and 
quartz grains in a dark, biotite-rich matrix. ENT DD0003, 220.9m.  (E) Plane-polarized 
photomicrograph of D illustrating the unoriented textures of intergrown sutured quartz, biotite, 
and epidote.  Opaque grains are hematite and rutile.  (F) Photomicrograph under crossed polars 
of E showing variable birefringence in biotite.  (G) Drillcore photo of well-foliated basement 
rock near the Katangan contact.  The groundmass is composed of foliated biotite and quartz.  
White specks are irregular albite-dolomite-(potassium feldspar) porphyroblasts; bluish specks of 
similar size are blocky kyanite porphyroblasts.  ENT DD0055, 455m.  (H) Plane-polarized 
photomicrograh of G showing albite and dusty carbonate material overgrowing a kyanite 
porphyroblast.  (I) Cross-polarized photomicrograph of H showing birefringent biotite in the 
surrounding groundmass.  (J) Talc-rich schist adjacent to the contact with basement rocks.  The 
rocks display a strong foliation of intergrown talc, hematite, kyanite, Mg-chlorite, and typically 
minor quartz.  ENT DD0055, 448m.  (K) Plane-polarized photomicrograph of J illustrating talc 
replacement of elongate phlogopite along cleavage planes.  (L) Cross-polarized photomicrograph 


















Figure 3.5:  QEMSCAN® image of a thin section of plagioclase porphyroblastic basement schist 
from adjacent to the contact with the overlying Katangan Supergroup rocks.  The image shows 
trails of very small epidote inclusions (green) within albitic porphyroblasts (blue).  The epidote 
grains may define an earlier (pre-Lufilian?) foliation that was overprinted by the albitic 
porphyroblasts. ENTDD0012, 647.3m. 
 
that largely destroyed the original foliation.  Metamorphic mineral growth, at least in much of 
the Enterprise area, appears to be zoned relative to the contact with the Katangan sequence.  The 
contact zone displays replacement of biotite by phlogopite, albitization of plagioclase, 
destruction of muscovite, and growth of kyanite.  The mineralogy and distribution of minerals 
suggests that large-scale metasomatism, both magnesian and sodic, accompanied the Lufilian 
metamorphic event and was focused along this contact. 
 
3.2 Katangan Supergroup - Lower Roan Subgroup Basal Siliciclastic Sequence 
 The lowermost portion of the Katangan Supergroup sequence in the Enterprise area 
consists of an upward-fining succession of metamorphosed hematitic conglomerates, sandstones, 
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and siltstones that lie unconformably above the basement quartz-biotite schists (Figures 3.2, 3.3). 
This sequence displays rapid lateral thickness changes in the deposit area from approximately 
100 m to over 500 m. These variations appear to result both from depositional thickness 
variablility and later structural disruption.  
 Metaconglomerate beds are only locally present in the Enterprise area.  The best-
developed examples are known from ~3 km southwest of the Main Zone area and have a 
maximum thickness of approximately 20 m.  However, similar metaconglomerates are 
recognized elsewhere in the eastern Kabompo Dome area that reach thicknesses in excess of 125 
m. The metaconglomerates in the Enterprise area are matrix-supported with pebble to small 
cobble-sized clasts (2 mm to 3 cm) of quartzite, schist, and gneiss (Figure 3.6 A). Clasts 
comprise approximately 10-20% of the rock and are subrounded to rounded and are commonly 
flattened and elongated parallel to bedding.  The matrix of metaconglomerate beds consists of 
moderately fine-grained (500-1000 μm) quartz intergrown with muscovite, kyanite, talc, 
phlogopite and minor specular hematite.  Lenses of arkosic to subarenitic sandstones are 
common within the conglomerate.  Bedding contacts are commonly sharp.   
 The dominant lithotype at the base of the Katangan sequence in the Enterprise area is a 
banded quartz-rich rock that is interpreted as a metamorphosed silty sandstone to quartz-rich 
siltstone.  This unit attains thicknesses of over 150 m to the north of the deposit (Figure 3.2) and 
commonly directly overlies basement rocks, though this contact may represent a structure in 
many locations.  The meta-sandstone is white to pink in color and is generally sugary-textured 
and well banded (Figure 3.6 B). The banding is caused primarily by variable amounts of 
hematite in alternating bands. Structures that may represent tabular crossbedding are locally 
evident.  This indicates that some bands appear to represent primary bedding with individual 
beds up to 20 cm thick.   
The meta-sandstone is composed of equant, sometime undulose quartz grains 700 to 1000 
μm in diameter that commonly display irregular rather than rounded detrital shapes (Figure 3.6 
C, D) suggesting pressure solution without significant recrystallization.  Clots of talc, Mg-
chlorite, kyanite, specular hematite, and locally phlogopite occur interstitially to quartz grains.  
Rutile, tourmaline, and apatite are common accessory minerals; rare zircon is sometimes present.  
While some of these heavy minerals could represent detrital grains, there is little textural 
evidence to confirm this. The meta-sandstone unit is quartz-rich at its base and becomes 
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progressively more talc-rich up section.  Despite being quartz-rich this rock commonly appears 
soft and easy to scratch due to its ubiquitous and abundant talc and Mg-chlorite content. 
The uppermost portion of the basal siliciclastic sequence at Enterprise consists of a massive to 
banded talc-rich unit that appears to represent a metamorphosed siltstone.  The contact between 
the quartz-rich metasedimentary rocks (meta-sandstones) and the talc-rich rocks (meta-siltstones) 
can be sharp, but is generally gradational.  The talc-rich meta-siltstone unit varies in thickness 
from 5 meters to over 200 meters.  It is composed primarily of talc with disseminated to banded 
zones of specular hematite and ubiquitous but subsidiary Mg-chlorite, quartz, kyanite, rutile, and 
tourmaline.  Talc occurs as grains generally between 50 and 200 μm in length, and rarely up to 
500 μm in talc-rich rocks observed near the contact with basement rocks. Kyanite generally 
comprises anywhere from 5% up to 25% of the rock while quartz generally comprises 15-30% of 
the rock.  Kyanite grains average 50-200 μm in cross section and 1mm in length.  Quartz grains 
are commonly subangular to subrounded and occur as single grains or as pods of grains with 
ragged outer edges. The talc, chlorite, and kyanite display weak to strong alignment producing a 
generally foliated texture. Hematite is most abundant in the upper portions of the unit. Talc-rich 
bands tend to be light tan to pink in color, while more hematite-rich bands are dark grey to 
purplish. This variability gives the rocks an irregular zebra-stripe, banded appearance (Figure 3.7 
A, B). The meta-siltstone does not appear to display any preserved sedimentary features, and is 
instead strongly foliated. Compositional differences between hematite-rich and -poor bands 
highlight small-scale isoclinal and recumbent folds.  Rocks of the meta-siltstone unit at 
Enterprise are megascopically and compositionally similar to the talc- and hematite-rich 
siltstones and sandstones of the R.A.T. ("Roches Argilo-Talquesuses") Subgroup in the DRC.  
However, the rocks of the R.A.T. lack kyanite and generally contain more dolomite.  
 
3.3 Katangan Supergroup - Roan Group Enterprise Graben Sequence 
 Overlying the basal siliciclastic sequence in the immediate Enterprise deposit area is a 
distinctive, heterogeneous, and laterally discontinuous sequence of interlayered meta-siltstones, 
meta-sandstones, dark grey quartz-rich laminated rocks, black carbonaceous quartz-rich rocks, 
meta-carbonate rocks, and altered mafic sills (Figure 3.2, 3.8) that has been termed the Enterprise 




Figure 3.6:  Basal siliciclastic sequence metaconglomerate and meta-sandstone.  (A) Meta-
conglomerate with clasts of quartz, quartzite, and schist in a groundmass composed of quartz, 
biotite, muscovite, and kyanite.  ENT DD0012, 649m.  (B) Meta-sandstone that overlies 
metaconglomerate within the basal siliciclastic sequence.  The banding is due to different 
proportions of disseminated hematite.  Some of this banding probably represents bedding.  ENT 
DD0012, 345.  (C) Plane polarized photomicrograph of meta-sandstone showing quartz grains 
with intragranular clots of intergrown kyanite and talc.  ENT DD0041, 195m.  (D) Photomicroph 
of D under crossed polars emphasizing the irregular quartz grain shape and lack of an annealed 







Figure 3.7:  Meta-silstones within the basal siliciclastic sequence at Enterprise.  (A) Drillcore 
through banded meta-siltstone; the dark bands contain relatively abundant specular hematite.  
ENT DD0141, 224.86m-228.58m.  (B) Closer view of the banded meta-siltstones at Enterprise. 
The dark bands contain specular hematite. Note the irregularity of banding along strike 
suggesting the banding does not everywhere represent bedding. ENT DD0014, 332.95m.  (C) 
Plane-polarized photomicrograph of a meta-siltstone illustrating very-fine grained texture 
composed of talc, Mg-chlorite, kyanite, quartz, and specular hematite.  High relief grains are 
kyanite.  ENT DD0041, 134.5m.  (D) Photomicrograph under crossed polars of C showing 
contrasting high birefringence of talc againts the typically lower birefringent Mg-chlorite.     
 
Meta-siltstones within this sequence are lithologically similar to the meta-siltstones of the 
basal siliciclastic sequence and contain quartz, kyanite, and talc. They are distinguished from the 
underlying meta-siltstones by a general absence of hematite.   Unlike the meta-siltstones in the 
basal siliciclastic sequence these meta-siltstones may be composed primarily of kyanite or talc.  
Kyanite-rich meta-siltstones contain coarse blue clots of kyanite crystals up to 2mm in diameter.  
These rocks display a distinctive bluish tan color (Figure 3.9 A). Talc-rich meta- siltstone is 
commonly interlayered with kyanite-rich meta-siltstone.  The talc-rich meta-siltstones closely 
resemble hematite-poor meta-siltstone in the basal siliciclastic sequence but have a more pearly 
luster due to abundant coarsely crystalline talc.  The Enterprise Graben Sequence also contains 




Figure 3.8:  Geological map of units beneath the polylithologic breccia shear zone in the Main 
Zone area.  The map shows the location and offset of northeast-trending normal faults and the 
outline of the mineralized zone.  Numbers correspond to thickness of mineralized zone.  
 
sand-filled channels. These rocks are granular and display a less pearly luster compared to talc-
rich meta-siltstones.  Graben sequence meta-sandstones are composed primarily of quartz with 
lesser kyanite and talc.  Kyanite forms clots similar to those in the talc-rich meta-siltstones 
(Figure 3.9 B) that gives the rock a bluish color.  Graben sequence meta-sandstones are typically 
massive and lack the banding observed in basal meta-sandstones. 
A common rock type within the Enterprise Graben Sequence is dark-grey quartz-rich 
laminated rock.  This unit is distinguished from meta-sandstones in the underlying and laterally 
adjacent basal siliciclastic sequence by its generally dark-grey color, lack of hematite, commonly 
well-laminated texture, fine-grain size, and abundance of generally fine-grained blue-grey 
kyanite (Figure 3.10 A, B).  This rock displays conspicuous millimeter to approximately 1 cm 
scale banding of dark and light layers that resembles bedding.  Laminations sometimes have a 
crinkled or weakly folded appearance (Figure 3.10 A). Dark layers are composed primarily of 
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fine-grained (30-100μm) polygonal quartz (Figure 3.10 C, D, E, F) with abundant inclusions fine 
grains of pyrite, rutile, and tourmaline. The dark bands also contain minor fine- grained, elongate 
 
 
Figure 3.9:  Enterprise graben sequence meta-siltstone and meta-sandstones.  (A) Drillcore photo 
of talc-rich meta-siltstone interlayered with Enterprise graben sequence rocks.  Rock is talc-rich, 
lacks specular hematite, and locally contains disseminated sulfides.  ENT DD0055, 356.7m.  (B) 
Drillcore photo of discontinuous quartz-rich meta-sandstone (interpreted sand-fill channel).  
Light blue clots are kyanite.  These rocks are similar to meta-sandstones in the basal siliciclastic 
sequence but lack banding and disseminated hematite.  ENT DD0120, 284.3m. 
 
kyanite crystals that are oriented parallel to the banding in the rock; these kyanite crystals rarely 
display a lineation.  The light bands are also composed of quartz but contain more kyanite and 
lack the abundant pyrite, rutile, and tourmaline present in the dark bands.  Quartz in the pale 
bands has the same texture as that in the dark bands but is commonly inclusion-free.  The dark 
color of the rock was originally thought to reflect the presence of organic material.  However, 
petrographic investigations did not reveal the presence of significant carbonaceous matter and 
total organic carbon (TOC) analyses of the rocks indicates they contain less than 0.06% total 
organic carbon (Table 3.1). 
The dark-grey quartz-rich laminated rocks are commonly cut by pale grey to blue colored 
kyanite-quartz veins.  These veins display an irregular pattern and vary in width from millimeters 
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to several centimeters (Figure 3.10 A, B).  Where abundant the veins form a stockwork texture.  
Kyanite in the veins is commonly bladed and ranges from fine- to coarse-grained with coarse   
 
 
Figure 3.10:  Dark-grey quartz-rich laminated rock from the Enterprise Graben Sequence.  (A) 
Laminated dark-grey quartz-rich rock with crinkly bands, beds, and nodules of paler colored 
kyanite and quartz.  Bronze bands are disseminated sulfides.  The rock is also cut by irregular 
veins and pods of white quartz. ENT DD0019, 128.8m.  (B) Dominantly dark-colored, well-
laminated rock with light grey-blue bands to nodules of granular kyanite and quartz.  The dark 
grey portion of the rock is composed of very fine-grained quartz containing abundant inclusions 
of rutile, pyrite, and tourmaline and lesser intergrown kyanite.  ENT DD0003, 95.05m.  (C) 
Plane-polarized photomicrograph of the paler portion of B showing that the rock is composed 
dominantly of fine-grained quartz with lesser elongate lenses of kyanite (dark) along and 
defining banding.  (D) Cross-polarized photomicrograph of C.  The rock is composed of a fine-
grained, mosaic of subrounded to irregular to sutured quartz grains. The highly birefringent grain 
in the upper center is tourmaline.  (E) Plane-polarized photomicrograph of the dark portion of B 
showing that bands in the rock consist of coarser grains of inclusion-rich quartz with minor 
disseminated pyrite and tourmaline.  (F) Cross-polarized photomicrograph of E illustrating the 
inclusion-rich nature of the relatively coarse-grained quartz.  The quartz displays a polygonal 





Table 3.1:  Total organic carbon and carbonate values for dark grey quartz-rich laminated rocks 
and carbonaceous quartz-rich rocks (grey background) from the Enterprise graben sequence. 
Sample Description TOC (wt%) Carbonate (wt%) 
Dark-grey quartz-rich rock, laminated, unmineralized  
(ENT DD0010, 205m) 
0.03 0.40 
Dark-grey quartz-rich rock, laminated, unmineralized  
(ENT DD10, 212.8m) 
0.05 0.29 
Dark-grey quartz-rich rock, laminated, mineralized  
(ENT DD0120, 167.6m) 
0.05 0.30 
Dark-grey quartz-rich rock, laminated, mineralized  
(ENT DD0019, 138m) 
0.05 0.10 
Dark-grey quartz-rich rock, laminated, mineralized  
(ENT DD137, 215.5m) 
0.06 0.75 
Black carbonaceous quartz-rich rock, unmineralized  
(ENT DD0120, 165.3m) 
16.90 0.10 
Black carbonaceous quartz-rich rock, mineralized  
(ENT DD0120, 251.2m) 
13.80 0.49 
Black carbonaceous quartz-rich rock, mineralized  
(ENT DD0087, 203m) 
8.98 0.10 
 
blades up to a centimeter in length.  Quartz in the veins is also coarser grained than in the host 
laminated rocks and commonly displays a polygonal to occasionally sutured texture.  The veins 
commonly contain rutile and tourmaline grains, though in less abundance than in the dark layers 
of the laminated dark-grey quartz-rich rock and rarely as inclusions within quartz grains. 
 Individual layers of dark-grey quartz-rich laminated rocks have a maximum thickness of 
approximately 25 meters. The thickest layers occur within the center of the Enterprise graben 
(Figure 3.2).  Individual layers appear to be discontinuous along strike.  They may grade into 
meta-siltstones of the underlying basal siliciclastic unit and into meta-carbonate layers within the 
Enterprise Graben Sequence; contacts with meta-carbonate layers typically display a brecciated 
texture and commonly contain abundant quartz and dolomite to magnesite veins.  Dark-grey 
quartz-rich laminated rock may grade into black carbonaceous quartz-rich rock.  
 Black carbonaceous quartz-rich rocks (Figure 3.11) form lenses 1 to 10 m thick within or 
adjacent to the dark-grey quartz-rich laminated rock (Figure 3.2).  These lenses appear to be 
highly discontinuous and can rarely be traced between drill holes, even those 50 m apart.  The 
black carbonaceous quartz-rich rocks are composed of bands consisting of quartz and kyanite 
with lesser Mg-chlorite and interstitial carbonaceous matter (Figure 3.11 C, D) and thin (300-700 
μm) bands composed almost entirely of carbonaceous matter. Quartz is very fine-grained 
31 
 
(typically <50 μm) where intergrown with carbonaceous material.  Quartz-rich bands contain 
slightly coarser-grained quartz with carbonaceous material concentrated interstitally (Figure 3.11 
C, D).  Kyanite forms minor, fine-grained (<50 μm) aggregates throughout the groundmass, but 
is difficult to distinguish petrographically due to the abundant dark carbonaceous material.  
Cross-cutting veinlets of coarser-grained quartz (up to 250 μm) and kyanite (up to 500 μm) are 
common, though rarely abundant.  Veinlets may contain Mg-chlorite, talc, rutile, tourmaline, and 
pyrite.  Rutile and pyrite are common accessory minerals in the quartz-kyanite bands.  The bands 
or lenses of different composition appear to represent bedding or folded and transposed bedding.  
However, they rarely display the crinkled appearance typical of banding in the dark grey quartz-
rich rock. Based on appearance these rocks were logged as black shale though they contain 
relatively minor chlorite (1-2%) and do not contain either muscovite or biotite. Individual 
samples of the black carbonaceous quartz-rich rocks have total organic carbon contents ranging 
from approximately 9 to 17% (Table 3.1).  The rocks produce a black smear when touched or 
scratched. 
The Enterprise Graben Sequence also contains relatively abundant carbonate-rich rocks 
that are thought to represent metamorphosed and metasomatized sedimentary carbonate beds.  
These meta-carbonate rocks become more common with stratigraphic height within the graben 
sequence (Figure 3.2).  Meta-carbonate layers range up to 40 meters thick.  Meta-carbonate 
layers towards the base of the Enterprise Graben Sequence appear to be thinner and more 
discontinuous than those higher in the sequence.  The stratigraphically deepest meta-carbonate 
layers are generally pale tan to pinkish in color (Figure 3.12 A) and are composed of very fine-
grained aggregates of polygonal dolomite with subsidiary quartz and sometimes talc, Mg-chlorite 
(composition from petrography and QEMSCAN® analysis), phlogopite, and trace amounts of 
hematite (Figure 3.12 B, C).  Quartz occurs as disseminated grains in the dolostones and forms 
anhedral, poikiolitic grains that commonly contain dolomite inclusions. Higher in the Enterprise 
Graben Sequence the meta-carbonate layers are more magnesian.  These meta-carbonate layers 
are generally composed of dolomite with subsidiary magnesite, phlogopite, Mg-chlorite, and 
chlorite.  Meta-carbonates may display banding that is somewhat reminiscent of the layering 
observed in the laminated dark grey quartz-rich rocks (Figure 3.12 D). These meta-carbonate 
layers are generally pale to dark grey in color; the darkness of the rock reflects the amount of 




Figure 3.11:  Unmineralized and moderately mineralized black carbonaceous quartz-rich rock 
within the Enterprise Graben Sequence.  (A) Unmineralized black carbonaceous quartz-rich rock 
that lacks obvious bedding.  The rock is cut by thin, irregular and discontinuous veinlets of 
quartz and kyanite.  Sample is also cut by a 1.5 cm wide vein of white quartz with minor kyanite 
and disseminated pyrite.  This vein has an irregular contact with the wallrock and appears to be 
folded.  LECO TOC analysis indicates this rock contains 16.9 % total organic carbon.  ENT 
DD0120, 165.3m.  (B) Moderately mineralized black carbonaceous quartz-rich rock that is cut 
by multiple foliation/bedding parallel veinlets of quartz, kyanite, and sulfides.  This sample 
contains 13.8% total organic carbon.  ENT DD00120, 251.2m.  (C) Plane-polarized 
photomicrograph of black carbonaceous quartz-rich rock B.  Groundmass composed of fine-
grained quartz interlayered with opaque carbonaceous material.  The banding-parallel veinlet is 
composed of coarser-grained kyanite and quartz with minor talc and Mg-chlorite.  (D) Cross-
polarized photomicrograph of C illustrating fine-grained quartz in groundmass. 
 
Generally unfoliated rocks rich in chlorite, actinolite, and albite occur from within the 
basal siliciclastic sequence up to the base of the Nguba Group Grand Conglomérat at Enterprise.  
However, they are most common within the Enterprise Graben Sequence and within and adjacent 
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to the polylithologic breccia.  These rocks display a wide range of textures and mineral 
assemblages.  The most chloritic examples are massive, dark green in color, and contain coarse 
(1-3 mm) grains of biotite and albite with scapolite in a fine groundmass (Figure 3.13 A). The 
fine-grained groundmass is composed dominantly of iron-rich chlorite (composition from 
petrographic and QEMSCAN® analysis) with relatively abundant rutile (up to 5%) and locally 
magnetite.  .  These rocks are believed to be metamorphosed and metasomatized mafic igneous 
sills and dikes withtextures of that probably mimic an original igneous texture.   The clots of 
coarse- grained iron-rich biotite (composition from QEMSCAN® analysis) may have replaced 
igneous pyroxene or amphibole.  The albite-scapolite grains resemble igneous plagioclase 
phenocrysts in some places.  Rocks that display apparently igneous textures are relatively rare.  
Most of the supposed mafic igneous rocks now consist of massive to foliated greenish masses of 
intergrown iron-rich chlorite, actinolite, plagioclase, scapolite, and biotite with minor quartz, 
dolomite-ankerite or magnesite, rutile, and magnetite.  A number of apparent metamorphosed 
mafic igneous rocks now consist almost entirely of coarse-grained actinolite (Figure 3.13 B).  
Although the original mineralogy and texture of these rocks is unknown, a doleritic composition 
is favored. 
Contacts between meta-carbonate and metamorphosed mafic igneous rocks are texturally 
and mineralogically complex.  Such contact zones commonly contain carbonate-phlogopite 
assemblages with crudely laminated to coarse-grained to brecciated textures.  The rocks in such 
zones range from grey, banded rocks consisting of dolomite and magnesite with phlogopite-rich 
bands (Figure 3.14 A, B) to white, often magnesite-rich rocks with dark phlogopitic spots 
(Figure 3.14 C, D) that in places appear brecciated.  Some contact zones consist of massive to 
banded phlogopite or pearly-textured massive talc.  Rocks within such mixed zones may contain 
actinolite (Figure 3.14 E, F), chlorite, biotite, quartz, albite, scapolite, ankerite, and calcite as 
well as minor rutile, magnetite, and pyrite.  Magnetite may occur as coarse grains up to 2 cm in 
diameter.  It is difficult in these zones to accurately determine the contact between original 











Figure 3.12:  Meta-carbonates within the Enterprise Graben Sequence. (A) Banded pinkish-tan 
and white meta-carbonate rock composed of dolomite and quartz with subsidiary phlogopite, 
Mg-chlorite, and talc.  Light bands are more talc-rich.  ENT DD0087, 342.4m.  (B) Plane 
polarized photomicrograph of carbonate rock similar to A composed of fine-grained, polygonal 
dolomite intergrown with poikiolitic quartz and minor phlogopite.  ENT DD10, 364.5m.  (C) 
Photo micrograph of B under cross polars showing irregular, poikioblastic quartz grains 
intergrown with fine-grained carbonate groundmass.  (D) Laminated meta-carbonate rock 
composed of white, dolomite-rich bands and darker, phlogopite-rich bands.  The rock also 














Figure 3.13:  Metamorphosed mafic igneous rocks in the Enterprise graben sequence.  (A) 
Metamorphosed mafic igneous rock displaying a relict porphyritic igneous textures with white 
albite-scapolite grains after plagioclase phenocrysts and black biotite grains probably after 
pyroxene or amphibole phenocrysts in a fine-grained matrix of chlorite with lesser rutile and 
biotite, and minor quartz and magnetite.  ENT DD0010, 117m.  (B) Probable metamorphosed 
mafic igneous rocks that is now composed almost entirely of radiating actinolite with lesser 






Figure 3.14:  Carbonate-phlogopite rocks from the contact zone between meta-carbonate and 
metamorphosed mafic igneous rocks within the Enterprise Graben Sequence.  (A) Irregularly 
banded carbonate rock with discontinuous bands of dark-blue-grey Mg-chlorite, talc, and 
kyanite, and brown phlogopite.  ENT DD0055, 76.4m.  (B) Plane-polarized photomicrograph of 
carbonate groundmass in A.  Moderately coarse-grained carbonate is dusty (inclusion-rich) and 
displays irregular margins.  The rock contains minor intergrown phlogopite and talc intergrown 
with dolomite.  (C) Meta-carbonate rock composed primarily of magnesite with "spots" of brown 
phlogopite, Mg-chlorite, and talc.  ENT DD0010, 255.8m.  (D) Plane-polarized photomicrograph 
of C displaying groundmass of fine-grained, polygonal magnesite intergrown with coarse blades 
of Mg-chlorite.  Chlorite is rimmed by fine-grained phlogopite and talc.  Opaque grains are 
rutile.  (E) Massive to banded meta-carbonate rock adjacent to altered mafic rock composed of 
dolomite, actinolite, chlorite, and biotite.  ENT DD0087, 195.5m.  (F) Plane-polarized 
photomicrograph of E illustrating intergrown texture of dolomite with actinolite.  Phlogopite 
replaces actinolite along margins.  Chlorite in this sample (not pictured here) is also replaced by 





3.4 Katangan Supergroup - Upper Roan Supergroup Metacarbonates 
The Enterprise Graben Sequence and the basal siliciclastic sequence outside of the area 
containing the graben sequence, are overlain dominantly by carbonate rocks.  In the immediate 
Enterprise deposit area the basal portion of this carbonate sequence contains a laminated, blue-
grey calcareous carbonate layer that consists of calcitic marble with dark bands and nodules up 
to 10 mm thick (Figure 3.15 A).  The pale bands are comprised of anhedral calcite with 
disseminated grains of pyrrhotite, phlogopite, rutile, and quartz.  Some calcite grains in the pale 
bands are enclosed by thin rims of dolomite with abundant inclusions of carbonaceous material. 
The dark bands and nodules are comprised primarily of calcite with abundant inclusions of 
carbonaceous material and clots of amorphous carbonaceous material.  The contact between the 
pale and dark bands often contains variable amounts of intergrown quartz, phlogopite, 
muscovite, potassium feldspar, tourmaline, and/or rutile.  
 Overlying the laminated, blue-grey calcareous layer at Enterprise and overlying the basal 
siliciclastic sequence outside of the Enterprise graben area is a massive, pink, dolomitic marble 
(Figure 3.15 B).  The marble is coarsely crystalline with individual grains averaging 300 μm in 
diameter.  The pink marble commonly contains minor disseminated pyrite; the pink color 
suggests it may also contain very fine-grained specular hematite.  The massive pink marble is 
overlain by a blue-grey biotitic marble (Figure 3.15 C).  This marble contains abundant black, 
iron-rich biotite that roughly defines a foliation; the foliation is best developed at the base of the 
unit.  The blue-grey marble commonly contains fine-grained disseminated pyrrhotite. 
The Upper Roan Subgroup sequence at Enterprise contains a white to pink to 
occasionally orange colored polylithologic breccia (Figure 3.16 A).  The breccia is matrix-
supported and contains a variety of clasts ranging in size from 5 mm to probably over several 
tens of meters as indicated by cross sections (Figure 3.2; Appendix A). The clasts are rounded 
and commonly have diffuse edges suggestive of in-situ alteration. Clasts are dominantly marble 
and dolostone but also include rocks that are commonly highly chloritic or composed of variable 
assemblages of chlorite, actinolite, scapolite-albite, and magnetite that were likely derived from 
mafic igneous rocks.  The pink to white matrix consists of coarsely crystalline dolomite and 




Figure 3.15:  Upper Roan Subgroup carbonate rocks at Enterprise.  (A) Laminated carbonaceous 
carbonate at the base of the Upper Roan Subgroup in the Enterprise deposit area.  ENT DD0010, 
185m.  (B) Massive pink dolomitic marble.  ENT DD0084, 56.3m.  (C) Blue-grey biotitic marble 
with foliation defined by the alignment of biotite.  ENT DD0098, 36-37m. 
 
phlogopite, and white mica (Figure 3.16 B, C).  Carbonate rock clasts as well as carbonate layers 
adjacent to the polylithologic breccia commonly contain scapolite; the amount of scapolite in the 
carbonate rocks adjacent to the polylithologic breccia commonly increases with proximity to the 
breccia contact.  
The polylithologic breccia is generally overlain in the Enterprise area by grey-blue to 
grey marble or dolostone of the Upper Roan Subgroup.  Locally, however, the polylithologic 
breccia is overlain by siltstone or dolomitic siltstone thought to be part of the Mwashya 
Subgroup.  Locally the polylithologic breccia is overlain by the Nguba Group Grand 
Conglomérat.  The Upper Roan Subgroup at Enterprise contains chlorite-rich rocks that appear to 
represent metamorphosed mafic igneous sills.  These are most common immediately below the 
polylithologic breccia but are also observed above the breccia.  The mafic sills are variably 
altered; few display original igneous textures.  Most sills are composed of chlorite with variable 
amounts of actinolite, albite, scapolite, and quartz.  
The polylithologic breccia forms a grossly stratiform and stratabound sheet within the 
Enterprise deposit area but is observed locally to cut down to the top of the basal siliciclastic 
sequence or the Enterprise Graben Sequence (Figure 3.2; Appendix A). Locally it is overlain by 
the Nguba Group Grand Conglomérat.  These relationships indicate that the boundaries of the 
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polylithologic breccia represent low angle shear zones.  Movement along the shear zones has 
resulted in cut out of portions of the underlying Upper Roan Subgroup and probably locally the 
underlying Lower Roan Subgroup.  Similarly movement has also resulted in cut out of portions 
of the Upper Roan and Mwashya subgroup sections above the breccia. 
 
 
Figure 3.16:  Slabbed drillcore sample of the polylithologic matrix-supported breccia containing 
clasts of marble (pale grey), dolostone (pale grey to brownish), and mafic igneous rocks (black). 
The mafic igneous rock clast consists of biotite, chlorite, and dolomite.  Most clasts have a 
rounded shape and display “fuzzy” edges indicative of in-situ alteration. The matrix of the 
breccia is dominantly dolomite with minor phlogopite and chlorite. ENT DD0012, 140m.  (B) 
Cross-polarized photomicrograph of polylithic breccia matrix showing diffuse edges of quartz 
grains in dolomitic groundmass with abundant open space.  ENT DD0012, 79.42m.  (C) Cross-
polarized photomicrograph of polylithic breccia groundmass showing abundant open space 
around coarsely crystalline dolomite.  Mg-chlorite and white mica occur along fractures.  ENT 







3.5 Katangan Supergroup - Mwashya Subgroup Siltstone and Nguba Grand 
Conglomérat  
 The Upper Roan Subgroup carbonate rocks and polylithologic breccia are overlain in the 
Enterprise area by phyllitic siltstones and dolomitic siltstones or by diamictites (Figure 3.2; 
Appendix A).  The phyllitic siltstones are lithologically similar to rocks of the upper Mwashya 
Subgroup observed elsewhere along the eastern margin of the Kabompo Dome.  The diamictites 
are part of the Nguba Group Grand Conglomérat.  These relationships indicate that a great deal 
of the stratigraphic section from within the Upper Roan Subgroup to the Nguba Group is missing 
(Figure 3.3).  The siltstones and diamictites above the Upper Roan Subgroup are everywhere 







CHAPTER 4  
STRUCTURAL GEOLOGY 
 
 Structural interpretations at Enterprise were based largely on the construction of a 
bedrock geologic map and cross sections (Appendix A), along with discussions with Enterprise 
geologists.  Interpretations indicate the Katangan sequence at Enterprise was affected by at least 
four structural events.   
Although the structure of the Enterprise deposit area can be reasonably determined from 
available drill data, the structural geology along the eastern edge of the Kabompo Dome remains 
relatively poorly known due to the lack of outcrop.  The structural geology of the 
Paleoproterozoic basement rocks in the Kabompo Dome is poorly known.  Where observed the 
basement consists of generally well foliated metamorphic rocks with the foliation oriented 
parallel with the contact with the overlying Katangan Supergroup metasedimentary rocks.  
 
4.1 Early Katangan Extension 
 The Enterprise deposit is located near the apex of a broad synformal inlier within the 
eastern margin of the Kabompo Dome (Figure 2.3).  This synform, together with synforms at the 
northeast corner of the dome appear to have nucleated on generally northeast-trending normal 
fault zones, several of which display evidence of movement during Lower Roan Subgroup 
sedimentation.  
The Main Zone of the Enterprise deposit occurs immediately adjacent to a series of 
steeply dipping, northeast-trending normal faults (Figures 3.2, 3.8; Appendix A).  Cross sections 
indicate the normal faults form a graben.  The southern edge of the graben is controlled by at 
least two normal faults.  The maximum displacement observed on these faults is approximately 
150 m (Figure 3.2).  The sedimentary rock sequence within the Enterprise deposit is located 
adjacent to this point of maximum throw along the fault zone as is the most intense zone of 
mineralization (Figure 3.8).  The normal fault zone on the northern edge of the graben has a 
maximum demonstrated displacement of approximately 60 m.  Cross sections suggest this 
northern fault zone is comprised of a segmented series of overlapping normal faults with limited 
strike extent that form a ramp-relay system (Walsh and Watterson, 1999).  It is probable that the 
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southern normal fault zone is also composed of a segmented normal fault array with individual 
faults having longer strike lengths. The relatively large displacement gradients and general 
geometry of the normal faults at Enterprise suggests they may have had a component of strike-
slip motion.  
Cross sections through the Main Zone at Enterprise (Figure 3.2; Appendix A) indicate 
that units thicken toward several of the northeast-trending normal faults and that other units 
appear to terminate against these faults.  These relationships strongly suggest the northeast-
trending normal faults were active at the time of sedimentation. The location of the mineralized 
rocks at Enterprise (Figure 3.8) indicates the faults remained fluid pathways into the period of 
mineralization.  In addition, the majority of mafic igneous rocks in the Enterprise area occur 
within or immediately adjacent to the normal faults that bound the Enterprise graben.  
 
4.2 Lufilian Deformation 
In the Zambian Copperbelt early normal faults provided nucleation sites for later Lufilian-
stage structures including complex open to tight folds and low angle faults (e.g. Nchanga deposit; 
McGowan et al., 2003, 2006). Similar relationships appear to be present along the northeastern 
edge of the Kabompo Dome (Figure 2.3; D. Wood, pers. comm., 2012). Folding is not evident at 
Enterprise at least at the present scale of drilling.   
The early northeast-trending normal faults appear to be cut off upwards at the contact 
between the basal siliciclastic sequence, the Enterprise Graben Sequence, or the basal Upper Roan 
Subgroup carbonate rocks with the polylithologic breccia (Figures 3.1, 3.2; Appendix A).  The 
early normal faults also appear in some locations to terminate at depth along the basement-
Katangan Supergroup contact (Figure 3.2; Appendix A).  These low angle structures were probably 
formed during the Lufilian deformational event. 
The geometry of the upper low angle structures within or adjacent to the polylithologic 
breccia are poorly understood due to deep weathering and erosion in the Enterprise area.  
Stratigraphic reconstructions from elsewhere along the eastern edge of the Kabompo Dome 
suggest that the low angle structures associated with the polylithologic breccia at Enterprise cut 
out at least 400 m of stratigraphic section.  Other areas where major sections of the stratigraphy 
are missing along low angle structures occupied by polylithologic breccia are known from the 
area south of the Sentinel deposit and along the northeastern corner of the Kabompo Dome (M. 
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Hitzman, pers. comm., 2013) (Figure 2.3).  While such abrupt cut outs of stratigraphic section 
are not recognized in the Zambian Copperbelt they have been observed north of the Solwezi 
Dome in the Kansanshi deposit area (Barron, 2003; J. Mwale, pers. comm., 2012) (Figure 2.2) 
and are present within the Congolese Copperbelt (Hitzman et al., 2012). 
A low angle shear zone at the base of the Katangan Supergroup sequence is present in 
some of the drill holes in the Enterprise area, particularly those near the axis of the Enterprise 
graben. The Katangan Supergroup rocks adjacent to the sheared contact are very well foliated 
and contain little muscovite and biotite and increased amounts of phlogopite, albite after 
plagioclase, kyanite, talc, apatite, and rutile relative to rocks further from the contact. Drill holes 
that intersect the basement-Katangan Supergroup contact outside of the Enterprise graben appear 
to have Lower Roan Subgroup meta-sandstones or meta-conglomerates resting unconformably 
on basement schists (Figure 3.2; Appendix A).  Rocks along such contact zones rarely display 
well-developed foliation and do not show the mineralogical variations seen in rocks adjacent to 
well-foliated contacts.  This suggests that these contacts have not experienced significant 
movement or metasomatism. These data suggest that the lower low angle shear zone is 
subparallel to the original basement-Katangan contact in the deepest portions of the Enterprise 
graben and then cuts into the basement rocks lateral to these areas (Figure 3.2).  
Kyanite-rich talc- and sericite-bearing meta-sandstones and meta-siltstones lithologically 
similar to rocks of the basal siliciclastic sequence at Enterprise are present around the Solwezi 
Dome (Figure 2.2) and have a sharp contact with basement schists and gneisses along an 
apparently sheared contact (Barron, 2003).  At the Lumwana deposit in the Mwombezhi Dome 
area (Figure 2.2), basement schists appear to be structurally interleaved with slices of siliciclastic 
and carbonate rocks correlated with the Lower and Upper Roan subgroups (Cosi et al., 1992; 
Bernau, 2007).  Work to date in the Kabompo dome area indicates that the contact between 
Katangan Supergroup metasedimentary rocks and underlying schists and gneisses is locally 
strongly foliated and locally sheared as in some drill holes at Enterprise (D. Wood, pers. comm.., 
2013). To date, there is no conclusive evidence for structural interleaving of basement and 






4.3 Post Lufilian Normal Faulting 
 Early normal faults and the low angle shear zones along the polylithologic breccia and at 
the basement-Katangan Supergroup contact are cut by a series of northwest-trending, steeply 
dipping faults in the Enterprise area (Figure 3.1; Appendix A).  Similarly oriented faults 
offsetting low angle shear zones are recognized throughout the eastern portion of the Kabompo 
Dome (Figure 2.3).  These faults appear to have dip-slip displacements of several tens to 
hundreds of meters. The age of these faults is poorly known.  
The northwest-trending Kalumbila fault on the eastern edge of the Trident deposit 
displays talc alteration with anomalous nickel values suggesting that it may have originally been 
active prior to or during Lufilian orogenesis (S. Halley, pers. comm., 2013).  Thus, some of these 
northwest-trending faults may represent reactivation of older, potentially syn-sedimentary 
structures. 
In summary, the overlying Katangan sequence was affected by at least four structural 
events, three of which are clearly observed at Enterprise.  The earliest was related to extension 
during deposition of the basal portion of the Roan Group and resulted in the formation of 
generally northeast-trending normal faults that locally controlled sedimentation. Mapping and 
drilling along the eastern edge of the Kabompo Dome from the Sentinel deposit to the northern 
edge of the prospecting license boundary indicates thickness variations of both Mwashya 
Subgroup sedimentary rocks and basalts along north-trending to northeast-trending normal faults 
(Wood, pers. comm., 2012).  These data suggest that there was a later synsedimentary 
extensional event during deposition of Mwashya Subgroup and lowermost Nguba Group rocks.  
The Lufilian deformational event at approximately 560-530 Ma (Kampunzu and Cailteux, 1999; 
John et al., 2004) appears to have resulted in the formation of low angle shear zones along 
portions of the basement-Katangan Supergroup contact and along evaporite horizons within the 
Upper Roan Subgroup sequence that are now marked by polylithological breccia.  Whether these 
low angle structures are the result of overall compression or extension is currently unclear (D. 
Wood, pers. comm., 2012).  Generally northwest-trending normal faults cut the low angle shear 
zones on the eastern edge of the Kabompo Dome.  It appears that some of the early Katangan age 
northeast-trending normal faults, especially to the southwest of Enterprise, were reactivated in 





CHAPTER 5  
METAMORPHISM AND METASOMATISM 
 
The rocks in the Enterprise area are interpreted to have undergone metamorphism during 
the Lufilian deformational event and also appear to have been subjected to locally intense 
metasomatism during or in the waning stages of the metamorphic event.  Investigation of both 
metamorphic and metasomatic assemblages at Enterprise relied on both standard petrography 
and QEMSCAN® analyses.  Petrography was utilized to provide both mineralogical data and 
textural information that allowed for determination of the paragenetic sequence of mineral 
precipitation and replacement.  Petrography also allowed for determination of the composition of 
chlorite (iron- or magnesium-rich) and plagioclase as well as differentiating biotite from 
phlogopite.  QEMSCAN® analysis was particularly useful in determining the mineralogy of 
fine-grained rocks.  It was also helpful is providing semi-quantitative compositional information 
for plagioclase and carbonate mineral compositions. 
 
5.1 Basement Rocks 
The basement rocks at Enterprise furthest removed from the contact with the Katangan 
metasedimentary rocks range in texture from massive granoblastic to well-foliated (Figure 3.4).  
Foliation fabrics are generally parallel to the contact with the Katangan Supergroup sequence but 
there is local evidence of an earlier pre-Lufilian fabric.  These basement rocks contain an 
assemblage of biotite, quartz, muscovite, calcic plagioclase, potassium feldspar, and epidote.  It 
is unclear in the samples examined for this study if this assemblage is solely the result of Lufilian 
metamorphism or is inherited from a Paleoproterozoic metamorphic event. 
In basement schists biotite and muscovite are intergrown and alternate with layers of 
quartz (Figure 5.1 A).  Petrography suggests the biotite is iron-rich.  Quartz forms coarse, 
elongate grains that generally lack inclusions. Individual quartz grains are fine-grained and 
elongate parallel to foliation with some grains displaying undulose extinction.  Calcic plagioclase 
is most common in mica-rich bands and forms grains similar in size and shape to quartz.  Epidote 
is generally a minor phase forming less than 2% of the rock.  It forms small (<500 μm), round, 
irregular grains within mica-rich bands.  Petrography indicates both iron-rich (epidote) and iron-
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poor (clinozoisite) end members are present. Grains are commonly zoned with epidote in the 
center of grains and a gradational change to clinozoisite along grain margins. Potassium feldspar 
is volumetrically minor and commonly overgrows muscovite.  It is unclear in the samples 
examined whether potassium feldspar was part of the pre-Lufilian metamorphic assemblage or 
whether it was related to Lufilian metamorphism or metasomatism.  Potassium feldspar is clearly 
cut and altered by Lufilian-age albitic plagioclase.  In the Zambian Copperbelt (Darnley, 1961; 
Selley et al., 2005) and locally in the Congolese Copperbelt (Schmandt, 2012) potassium 
feldspar was formed during a regional potassic alteration event prior to Lufilian metamorphism.  
It is possible that some of the potassium feldspar observed in the basement rocks at Enterprise 
corresponds to a similar pre-Lufilian metamorphic alteration event. 
 The mineral assemblage in the basement rocks progressively changes with proximity to 
structural contacts with the Katangan Supergroup sequence (Figure 5.1).  The initial change 
observed is the loss of muscovite combined with the growth of phlogopite and kyanite.  
Phlogopite replaces biotite.  In some instances it forms large blocky grains that appear to be less 
well aligned than the earlier formed biotite.  Kyanite forms blocky, poikioblastic grains that 
range in size from 500 to 1500 μm (Figure 5.1 B).  Kyanite grains have been observed to attain 
lengths of up to 15 cm in basement schists along the eastern edge of the Kabompo Dome outside 
of the Enterprise area (Figure 5.2). Kyanite typically grew in or adjacent to biotite-rich bands.  
Kyanite grains in the basement rocks at Enterprise may be aligned parallel to foliation or form 
apparently randomly oriented porphyroblasts.  However, at many locations around the eastern 
edge of the Kabompo Dome kyanite grains are well aligned and define a generally north-south 
oriented lineation. 
Kyanite-bearing basement schists commonly contain albitic plagioclase porphyroblasts 
up to 1 cm in diameter.  These porphyroblasts may contain inclusions of biotite, muscovite, 
quartz, potassium feldspar, and epidote.  Biotite, muscovite, and epidote inclusions are 
commonly most abundant near the center of albitic plagioclase porphyroblasts with quartz 
inclusions dominant along the outer rims.  In hand specimen, large albitic plagioclase 
porphyroblasts often display a light green color due to an abundance of epidote inclusions.  
Dolomite is commonly intergrown with ablitic plagioclase (Figure 5.1 B). It is also present as 
apparent overgrowths or replacements of epidote grains.  Dolomite is generally very fine-grained 




Figure 5.1:  QEMSCAN® image of basement rocks at Enterprise illustrating changing 
mineralogy and texture in relation to the structural contact with the Katanga sequence.  (A) The 
typical mineral assemblage and texture in basement schists far-removed from the contact with 
the Katangan sequence.  The rock contains relatively minor epidote.  ENT DD0012, 633.3m.  (B) 
Basement schist from within several meters of the contact with the Katangan sequence that lacks 
muscovite and contains relatively abundant kyanite.  The rock also contains relatively minor talc 
and chlorite; talc appears to replace kyanite.  ENT DD0055, 455m.  (C) Schist adjacent to the 
contact is converted largely to talc-rich rock with minor, largely relict (?) kyanite and albitic 
plagioclase.  Chlorite appears to replace talc.  The rock also contains abundant hematite that 
texturally appears to be after biotite.  ENT DD0055, 448m.   
 
 
Figure 5.2:  (A) Outcrop of basement quartz-biotite schist approximately 5 km east of the 
Enterprise area with abundant coarse-grained kyanite oriented within the dominant foliation.  (B) 





spatially associated with albitic plagioclase porthyroblasts, especially those also containing 
dolomite.  The apatite grains rarely contain inclusions of biotite.   
The basement schists display progressive loss of biotite and an increase in the amount of 
phlogopite with increasing proximity to structural contacts with the Katangan Supergroup.  
Petrography indicates that biotite/phlogopite and any remaining muscovite were largely replaced 
by chlorite as the contact is approached.  A QEMSCAN® image (Figure 5.1 C) of schists 
immediately adjacent to the contact suggests biotite may also be replaced by hematite.  Kyanite 
is locally rimmed by magnesian chlorite (Figure 5.1 B).  Mg-chlorite increases in abundance 
within the basement schists toward the contact with the Katangan Supergroup rocks.  Minor late 
Fe-rich chlorite is observed to replace biotite, phlogopite, and Mg-chlorite. Talc is generally 
absent in basement rocks.  However, like chlorite, talc is present along the sheared contact with 
the basal Katangan Supergroup sequence. It forms very fine-grains (<50 μm) primarily along 
cleavage planes in coarse-grained Mg-chlorite and biotite/phlogopite. 
 
5.2 Basal Siliciclastic Sequence 
 Quartz-rich rocks within the basal siliciclastic sequence display a pink to tan color. The 
rocks have a granular texture and display banding defined by alternating, darker, relatively 
specular hematite-rich bands that are interlayered with paler, hematite-poor, bands. These bands 
may represent relict bedding.  Quartz grains are commonly undulose, indicating rocks have 
undergone metamorphism, but have not been fully recrystallized. 
Rocks contain coarse (3 to 6 mm) pale blue-grey oval-shaped poikilitic porphyroblasts of 
kyanite (Figure 5.3).  The kyanite porphyroblasts generally contain abundant inclusions of 
quartz; QEMSCAN® analysis indicates kyanite porphyroblasts also contain minor inclusions of 
muscovite, hematite, and tourmaline. Kyanite grains are roughly aligned along and are 
concentrated on the contacts between pale and dark bands.   
 Quartz-rich rocks within the basal siliciclastic sequence furthest from the Enterprise 
deposit generally contain minor Mg-chlorite.  This chlorite is fine-grained and occurs on the 
margins of, and within, kyanite porphyroblasts.  Minor grains of coarse chlorite (up to 500 μm) 
are also present within the quartz matrix.  Fine-grained talc is moderately abundant (10-15%) 
within quartz-rich rocks away from the Enterprise deposit.  It is present between quartz grains 
and as rims on kyanite porphyroblasts.  Although talc grains are generally randomly oriented, 
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some talc may be aligned subparallel with banding where it aids in the development of a 
foliation.   
 Approaching the Enterprise deposit, the quartz-rich rocks become paler in color, due 
primarily to the loss of specular hematite and an increase in talc content (Figure 5.3). Specular 
hematite is significantly less abundant in quartz-rich rocks underlying the Enterprise deposit and 
where present generally forms inclusions within kyanite grains.  Megascopic kyanite is not 
abundant in quartz-rich rocks beneath the Enterprise deposit but is observed in thin section as 
small (50-300 μm), apparently fractured grains that are typically rimmed by very fine-grained 
talc.  Quartz-rich rocks beneath and laterally adjacent to the deposit contain relatively more Mg-
chlorite than other quartz-rich basal siliciclastic rocks.  This Mg-chlorite commonly forms coarse 
grains (up to 1 mm diameter) within the quartz matrix.  Chlorite is commonly intergrown with or 
replalced by talc.  Talc also appears to be more abundant in quartz-rich rocks beneath and 
laterally adjacent to the Enterprise deposit.  Petrography and QEMSCAN® analysis suggests that 
in the vicinity of the Enterprise deposit an increased abundance of Mg-chlorite and talc resulted 
at the expense of kyanite and hematite. 
 Talc-rich meta-siltstones in the basal siliciclastic sequence (Figure 5.4) display well-
developed banding that corresponds to metamorphic foliation.  Dark bands contain relatively 
abundant specular hematite as well as quartz and kyanite (Figure 5.4 C).  Pale bands are 
composed primarily of talc (Figure 5.4 B, D).  
Talc is the dominant mineral in talc-rich meta-siltstones and commonly forms over 60% 
of the rocks by volume.  Talc is generally fine-grained with typical grains less than 50 μm in 
length.  Talc appears to replace Mg-chlorite (Figure 5.5 A, B) as well as kyanite.  The quartz 
content of the meta-siltstones is highly variable and ranges from approximately 50% to less than 
5%.  Quartz is most common in distinct, generally more hematitic bands or in pods of fine-
grained anhedral to sub-polygonal grains; grains sometimes display undulose textures.  Quartz in 
talc-rich bands commonly displays ragged anhedral shapes suggestive of dissolution (Figure 5.5 
C, D). Kyanite forms up to 15% volume percent of the talc-rich rocks.  It is most common within 
or on the edges of quartz-rich bands. Kyanite in or adjacent to quartz-rich bands commonly 
forms porphyroblasts that range in size from 1 to 4 mm in diameter.  Kyanite in talc-rich bands is 
generally fine-grained.  It generally forms elongate grains whose long axes are generally roughly 
aligned along the foliation.  Kyanite in the talc-rich rocks generally contains fewer inclusions of 
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quartz than kyanite in adjacent quartz-rich rocks.  Kyanite in the talc-rich meta-siltstones 
contains inclusions of hematite in addition to minor muscovite and tourmaline.  The talc-rich 
rocks commonly contain minor phlogopite and Mg-chlorite along the margins of kyanite grains.    
 
 
Figure 5.3:  QEMSCAN® images of quartz-rich meta-sandstones from the basal siliciclastic 
sequence at Enterprise illustrating changes in mineralogy and texture with proximity to the ore 
body.  (A) The most commonly mineralogy and textures observed in quartz-rich rocks in the 
Enterprise area is a quartz-rich matrix with coarse kyanite porphyroblasts with abundant quartz 
inclusions.  The rock contains minor disseminated specular hematite.  Relatively minor talc and 
Mg-chlorite appears to replace kyanite.  ENT DD0012, 348m.  (B) Quartz-rich rocks adjacent to 
Enterprise ore body commonly contain significantly less kyanite, which occur as small grains 
within quartz-rich matrix.  Specular hematite is present almost exclusively as inclusions in 
kyanite.  These rocks contain more talc and particularly more Mg-chlorite than quartz-rich rocks 





Figure 5.4:  QEMSCAN® images of talc-rich meta-siltstones within the basal siliciclastic 
sequence at the Enterprise deposit. (A) Talc-rich rock with abundant quartz distal to the 
Enterprise orebody.  The rock contains abundant coarse kyanite porphyroblasts with relatively 
minor inclusions.  Albite is present within some talc-rich domains surrounding kyanite.  A large 
grain of dolomite with intergrown albite is also present. ENT DD0103, 198.6m.  (B) Talc-rich 
rock distal to the Enterprise orebody with relatively minor quartz.  Kyanite porphyroblasts in this 
rock are rimmed and apparently replaced by albite.  ENT DD12, 163.4m.  (C) Well-banded talc-
rich rock containing talc- and quartz-rich domains.  The quartz-rich bands contain relatively 
abundant hematite and larger kyanite porphyroblasts.  The talc-rich bands contain fine-grained 
kyanite.  ENT DD0012, 464m.  (D) QEMSCAN® image of talc-rich rock adjacent to the 
Enterprise orebody.  Bands with abundant hematite are still visible but are now talc rich, 
suggesting dissolution of quartz during talc formation. Kyanite occurs as abundant fine grains 





Figure 5.5:  Petrographic images of the talc-rich meta-siltstones within the basal siliciclastic 
sequence beneath the Enterprise deposit.  (A) Plane polarized photomicrograph of a talc-rich 
rock showing fibrous talc replacing Mg-chlorite.  ENT DD0003, 205m.  (B) Photomicrograph 
under cross polars of E showing fibrous talc replacing Mg-chlorite.  (C) Plane polarized 
photomicrograph of the talc-rich groundmass in the sample shown in Figure 5.4 D.  The talc 
contains abundant fine-grained inclusions of hematite.  A subangular quartz grain in the upper 
left of the image appears to have undergone dissolution in response to talc growth.  ENT 
DD0014, 332m.  (D) Photomicrograph under cross polars of C showing texture of a typical talc-
rich meta-siltstone underlying Enterprise graben sequence rocks.   
 
The talc-rich meta-siltstones of the basal siliciclastic sequence commonly contain albite, 
generally along the margins of kyanite porphyroblasts (Figure 5.4 A).  The albite appears to 
replace kyanite (Figure 5.4 B).  This fine-grained albite was difficult to observe in thin section 
where it was confused with quartz, but is obvious in QEMSCAN® images.  The albite contains 
inclusions of quartz, kyanite, Mg-chlorite, phlogopite, talc, and hematite.  Locally the albite is 
intergrown with dolomite. 
 Like the quartz-rich meta-sandstones, the talc-rich meta-siltstones of the basal siliciclastic 
sequence display marked mineralogical and texture variations beneath and adjacent to the 
Enterprise deposit (Figure 5.4).  Kyanite in the meta-siltstones beneath the Enterprise deposit is 
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significantly finer-grained than that away from the deposit (Figure 5.4 D).  Unlike the meta-
sandstones there does not appear to be a significant difference in the abundance of kyanite in the 
meta-siltstones with proximity to the deposit. Mg-chlorite is more abundant within the talc-rich 
rocks close to the Enterprise deposit.  Chlorite is also more abundant near the orebody, where it 
rims kyanite grains and forms distinctive foliation-parallel bands within talc-rich bands.  Albite 
appears to be progressively replaced by talc or by intergrown talc-Mg-chlorite with proximity to 
the orebody. 
 
5.3 Metacarbonate Rocks in the Enterprise Graben Sequence 
The Enterprise Graben Sequence contains a variety of meta-carbonate rocks that increase 
in abundance stratigraphically upwards (Figure 3.2). These rocks display a wide range of 
compositions with the dominant carbonate mineral ranging from calcite to dolomite to 
magnesite; in general calcite-bearing rocks are located in the stratigraphically uppermost portion 
of the sequence.  The meta-carbonate rocks contain highly variable amounts of phyllosilicate and 
silicate minerals and display a range of textures from massive to foliated to brecciated.  Where 
present, foliation is sub-horizontal, parallel to presumed bedding and to the low angle shear 
zones beneath and above the Lower Roan Subgroup sequence.   
The majority of the meta-carbonate rocks in the Enterprise graben sequence are 
dolomitic.  These rocks range from almost pure dolostones to rocks with over 60% phyllosilicate 
and silicate minerals.  Impure dolomitic meta-carbonate rocks contain phlogopite with variable 
amounts of actinolite, quartz, plagioclase, and chlorite. The dolomitic meta-carbonate rocks 
typically lack sedimentary features and display textures that range from massive in dolomite-rich 
rocks to well foliated in phlogopite-rich rocks. In massive dolostones dolomite grains are 
commonly coarse (up to 300 μm in diameter) and anhedral; they may display an almost 
polygonal texture.  Dolomite is generally finer grained in rocks that contain abundant silicate 
minerals.  Phlogopite forms coarse grains that may define a foliation or may be randomly 
oriented (Figure 5.6 A). Locally the phlogopite is replaced by talc. Actinolite is commonly 
intergrown with very fine-grained (<50 μm) quartz, dolomite, and sometimes phlogopite.  It 
commonly is retrograded to Fe-chlorite (Figure 5.6 A). Calcic plagioclase occurs as disseminated 
grains within silicate-rich dolomitic meta-carbonate rocks (Figure 5.6 A).  Calcic plagioclase was 
also identified by QEMSCAN® as inclusions within the center of some actinolite-rich nodules.  
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Minor apatite is also present in some dolomitic meta-carbonate rocks.  It forms moderately 
coarse grains (100 to 300 μm) and is commonly associated with quartz.  
Dolomitic meta-carbonate rocks may contain magnesite and in some areas nearly massive 
magnesite meta-carbonate rocks (Figure 5.6 B) are present.  Magnesite-rich meta-carbonate 
rocks display variability in the amount of included phyllosilicate and silicate minerals similar to 
that observed in the dolomitic meta-carbonate rocks.  Magnesite is typically white to grey 
colored megascopically making it difficult to differentiate from dolomite.  The magnesite 
displays a polygonal texture (Figure 5.6 C) with individual grains up to 3 mm in diamater; 
dolomite may be present along magnesite grain boundaries.  In contrast to the dolomitic meta-
carbonate rocks, the magnesite-bearing meta-carbonate rocks generally contain more abundant 
Mg-chlorite than phlogopite.  Mg-chlorite is typically coarser grained than phlogopite where 
both are present (Figure 5.6 B). Both form disseminated grains and may define a foliation or be 
randomly oriented. Talc is present in many magnesite-rich samples and occurs with Mg-chlorite; 
textures suggest it is replacing the chlorite (Figure 5.6 B).  
 Magnesite also occurs in the Enterprise Graben Sequence in golden brown to grey 
colored, 1 cm to several meter thick veins and irregular pods. Such magnesite is most common 
along the contact between sulfide-mineralized dark-grey quartz-rich rocks and dolomitic meta-
carbonate rocks. Magnesite in these veins and pods is typically coarse grained (5 mm to 3 cm in 
diameter). The location of magnesite-rich rocks adjacent to mineralized zones together with the 
presence of magnesite veins and pods cutting dolomitic meta-carbonate rocks suggests magnesite 
replaces earlier formed dolomite.  
 Though talc-rich meta-siltstones occur throughout the Enterprise Graben Sequence, some 
especially talc-rich rocks are found adjacent to meta-carbonate rocks. These talc-rich rocks 
generally display a well-developed schistose texture.  They are white, fine-grained, and 
commonly display a pearly luster. The rocks contain thin (1-3 mm) alternating bands of dolomite 
and talc. 
Calcite-bearing meta-carbonate rocks are present near the top of the Enterprise graben 
sequence.  These rocks vary from almost pure calcite to calcite-(dolomite) intergrowths with 
phyllosilicate and silicate minerals.  These rocks are commonly dark blue-grey in hand 
specimen.  They range from massive to well foliated; the degree of foliation corresponds to the 




Figure 5.6:  Dolomitic and magnesite-bearing meta-carbonate rocks within the Enterprise graben 
sequence.  (A) QEMSCAN® image of a dolomitic meta-carbonate rock.  The rock consists 
dominantly of dolomite with abundant irregular patches of phlogopite and intergrown actinolite, 
quartz, and Fe-chlorite.  The rock also contains several grains of plagioclase.  Black pixels are 
plucked grains formed during thin section preparation.  ENT DD0087, 195.5m.  (B) 
QEMSCAN® image of a magnesite meta-carbonate rock that contains phlogopite, Mg-chlorite, 
and apatite.  Dolomite is present between magnesite grains.  The chlorite appears to be partially 
replaced by talc and rimmed by phlogopite.  ENT DD0010, 255.8m.  (C) Plane-polarized 
photomicrograph showing polygonal texture of magnesite grains.  Phlogopite and fine-grained, 
inclusion-rich dolomite occur locally between magnesite grains.  ENT DD0010, 255.8m. 
 
common phyllosilicate and froms grains up to 800 μm in length.   Calcite in these rocks is very 
coarse (commonly >2 mm) and generally anhedral.  The rocks are variably dolomitic with 
dolomite replacing calcite. Dolomite may contain inclusions of quartz and more rarely muscovite 
and apatite.  Quartz and phlogopite may either be disseminated within a calcite-rich matrix or be 
concentrated along discrete bands.  Disseminated quartz forms irregular masses and has the 
appearance of silicified nodules (Figure 5.7 A).  
Portions of the calcitic meta-carbonate rocks at Enterprise are dark colored and contain 
minor to abundant amorphous carbonaceous material which is petrographically similar to the 
carbonaceous material present in the carbonaceous quartz-rich rock of the Enterprise Graben 
Sequence.  This carbonaceous material is commonly concentrated along bands and typically 
56 
 
displays a nodular texture (Figure 5.7 B). The nodules average 1 to 3 mm in diameter though 
nodules up to 4 cm in diameter have been observed.  Some nodules are elongated but the 
orientation of the elongation is not always parallel to foliation. In thin section the nodules are 
seen to be composed of opaque amorphous carbon intergrown with quartz, muscovite, and very 
fine-grained tourmaline.  QEMSCAN® images indicate that the nodules may also contain 
phlogopite, calcic plagioclase, and kyanite (Figure 5.7 A). The carbonaceous nodules are rimmed 
by very fine-grained intergrowths of quartz, muscovite, dolomite, Mg-chlorite, and minor apatite.  
 
 
Figure 5.7:  QEMSCAN® and photomicrograph images of carbonaceous calcareous meta-
carbonate rock within the Enterprise graben sequence.  (A) QEMSCAN® image of carbonaceous 
calcareous meta-carbonate rock.  The rock contains irregular zones with quartz suggesting 
silicification of the rock. Though carbon is not visible in this image it is contained within quartz 
to plagioclase-rich zones.  The plagioclase zones also contain minor quartz, muscovite, and 
dolomite.  ENT DD0010, 185m.  (B) Plane-polarized photomicrograph of a carbonaceous nodule 
within calcareous meta-carbonate rock.  The nodule contains muscovite, quartz, and plagioclase, 
though the latter is not obvious in the photomicrograph.  ENT DD0010, 185m.  (C) Cross-
polarized photomicrograph of carbonaceous nodule with a discontinuous rim of fine-grained 




The carbonaceous calcareous meta-carbonate rocks typically contain minor (~1%) 
disseminated pyrrhotite.  The pyrrhotite is generally fine grained (500 μm in diameter) though 
course aggregates of pyrrhotite grains up to 2 mm in diameter are locally present. The pyrrhotite 
often displays a subrounded shape similar to that displayed by pyrite framboids.   
The protoliths for the meta-carbonate rocks in the Enterprise Graben Sequence likely 
consisted of clean to highly argillaceous limestones and dolostones.  There appears to be a 
transition stratigraphically upwards in the Enterprise graben from dolomitic meta-carbonate 
rocks to calcitic metacarbonate rocks.  The magnesite-bearing meta-carbonate rocks are spatially 
associated with sulfide-mineralized rocks.  Thus, metasomatism, probably associated with 
mineralization, resulted in magnesian alteration of the carbonate rocks.  
 
5.4 Quartz-Rich Rocks in the Enterprise Graben Sequence 
Quartz-rich rocks are a prominent component of the Enterprise Graben Sequence.  Two 
varieties of quartz-rich rocks are present.  The most common is the dark-grey quartz-rich rock 
that is interlayered with meta-siltstones near the base of the sequence and meta-carbonate rocks 
higher in the sequence.  Lesser amounts of carbonaceous quartz-rich rocks are present within or 
adjacent to the dark-grey quartz rich rocks.   
The quartz-rich rocks consist of quartz and 10 to 50 volume percent kyanite. Quartz in 
these rocks is fine-grained (<50 μm up to 100 μm) and may display a polygonal texture; 
undulose textures are present but relatively rare.  This indicates that quartz in these rocks was 
either fully recrystallized or not detrital at all. 
The dark-grey quartz-rich rocks contain quartz domains with minor disseminated rutile 
and locally abundant tourmaline or fine-grained pyrite. Tourmaline occurs most prominently in 
distinct bands.  Disseminated pyrite is subrounded and has the appearance of framboids (Figure 
5.8).  Kyanite in these rocks is significantly finer-grained than in the basal siliciclastic rocks.  
The kyanite is generally concentrated along bands; its distribution suggests it formed along 
originally argillaceous layers.  Though not obvious in thin section, QEMSCAN® images show 
kyanite apparently replacing muscovite (Figure 5.8 A).  Kyanite appears to be intergrown with 
phlogopite, rutile, and tourmaline. 
Mg-chlorite locally cuts and replaces kyanite and plagioclase as in the basal siliciclastic 





Figure 5.8:  QEMSCAN® images of dark-grey quartz-rich rock from the Enterprise Graben 
Sequence.  (A) Dark-grey quartz-rich rock with poikiloblastic kyanite grains. Quartz-rich layers 
contain minor rutile and abundant small (10 to 50 μm) ovoid grains of pyrite that are 
morphologically similar to framboids.  Kyanite porphyroblasts appear to overgrow both 
muscovite and quartz.  Kyanite is partially replaced by talc and chlorite.  The rock also contains 
coarse (>1 mm) subhedral to anhedral pyrite grains in both quartz and kyanite domains.  ENT 
DD0055, 133m.  (B) Enlarged view of A showing the abundance of fine-grained pyrite and late 
quartz veins cutting kyanite. 
 
grains both within quartz-rich domains and adjacent to kyanite-rich domains.  Talc also appears 
to replace both Mg-chlorite and kyanite.   
The dark-grey quartz-rich rocks are cut by quartz-kyanite veins (Figure 5.9 A).  These 
veins commonly display highly irregular geometries rather than typical brittle textures.  Quartz in 
these veins is typically coarser-grained than in the surrounding groundmass and is intergrown 
with coarse, radiating blades of kyanite.  The veins cut massive sulfide but may also contain 
nickel sulfides and pyrite.  The quartz-kyanite veins are cut by quartz-dolomite veins that may in 
turn be cut by highly irregularly shaped albite-apatite-muscovite-phlogopite-talc-(chlorite) veins 
(Figure 5.9).  Thin late chlorite veinlets containing subsidiary muscovite and minor kyanite as 
well as even later talc veinlets cut other veins.  These veins display highly irregular shapes. They 
generally lack sulfides. The minerals in these veins, in contrast to the quartz-kyanite veins, are 





Figure 5.9:  Dark-grey quartz-rich rock but by an irregular stockwork of quartz-kyanite veins. 
(A) Drillcore containing dark-grey quartz-rich rock cut by stockwork of blue quartz-kyanite 
veins.  White albite-rich vein cutting quartz-kyanite vein top center.  ENT DD0019, 123.5-
126.4m.  (B) QEMSCAN image of a dark-grey quartz-rich rock composed of quartz with minor 
kyanite, chlorite, dolomite, apatite, and rutile.  This rock is cut by a stockwork of quartz-kyanite, 
quartz-dolomite, albite-apatite-muscovite-phlogopite-talc-(chlorite), and chlorite-muscovite-
(kyanite) veins.  ENT DD0055, 83m.  (C) Dark-grey quartz-rich rock (B) with veins outlined.  
"A" are quartz-kyanite veins.  These veins are cut by quartz-dolomite veins ("B").  "C "veins are 
highly irregular in shape and contain albite-apatite-muscovite-phlogopite-talc-(chlorite).  The 
latest veinlets (“D”) contain chlorite with subsidiary muscovite and minor kyanite.  ENT 
DD0055, 83m.  (D) Plain polarized light image of an albite-quartz-muscovite-phlogopite-
dolomite-(apatite?) vein cutting dark-grey quartz-rich rock. ENT DD0055, 83.7m.  (E) Cross 







The carbonaceous quartz-rich rocks of the Enterprise Graben Sequence occur as thin (0.5 
to 5 m), laterally discontinuous lenses adjacent to the dark-grey quartz-rich rocks.  Contacts 
between the carbonaceous quartz-rich rocks and the dark-grey quartz-rich rocks appear sharp 
(Figure 5.10). Although kyanite is present in approximately the same proportion (10-50 volume 
percent) as in the dark-grey quartz-rich rocks, it rarely forms distinct layers and is commonly 
difficult to discern megascopically.   
 
 
Figure 5.10:  Drillcore containing dark-grey quartz-rich rock in relatively sharp contact with 
carbonaceous quartz-rich rock (dark material).  Kyanite laths are not as prominent in the 
carbonaceous quartz-rich rock as in the dark-grey quartz-rich rocks.  The carbonaceous quartz-
rich rock also contains fewer kyanite-quartz-(sulfide) veins than the dark-grey quartz-rich rock.  
ENT DD0019, 164.5m-169.19m. 
 
Quartz in the carbonaceous quartz-rich rocks is generally finer-grained than in the dark-
grey quartz-rich rocks. It may contain very fine-grained disseminated rutile, apatite, and pyrite.  
The kyanite in the carbonaceous quartz-rich rocks is also very fine-grained.  It occurs as small 
euhedral grains and aggregates of grains that define a banding or foliation in the rock (Figure 
5.11).    Highly carbonaceous rocks in the Solwezi Dome area display phyllitic textures and may 
be interlayered with non-carbonaceous schistose rocks (Barron, 2003; Hitzman, pers. comm., 
2012).  It appears that the presence of abundant organic matter inhibited growth of coarse-
grained phyllosilicate minerals during Lufilian metamorphism, and the fine grain size of the 
minerals in the carbonaceous quartz-rich rocks may be due in part to the presence of abundant 
carbonaceous material.  Kyanite in the carbonaceous quartz-rich rocks is sometimes replaced by 
talc.  Talc veinlets are also locally present.  The carbonaceous quartz-rich rock contains little 
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chlorite except in relatively rare veinlets of coarse-grained quartz, kyanite, and pyrite, which are 
similar to the coarse quartz-kyanite veins in the dark-grey quartz-rich rock.  
 
 
Figure 5.11:  QEMSCAN® image of a carbonaceous quartz-rich rock showing that it is 
composed of abundant fine-grained aggregates of kyanite with disseminated rutile in a quartz-
rich groundmass.  Though this sample contains 13% total organic carbon disseminated 
throughout the rock; the carbonaceous material is not imaged.  ENT DD0120, 251.2m. 
 
Near the base of the Enterprise graben sequence both the dark-grey quartz-rich rock and 
the carbonaceous quartz-rich rock are locally altered to an assemblage of talc and dolomite 
(Figure 5.12).  This talc-dolomite alteration zone lies above the zone of intense talc alteration in 
the underlying basal siliciclastic sequence.  Contacts between unaltered and talc-dolomite altered 
rocks commonly display gradational contacts.  Remnants of unaltered quartz-rich rocks, 
sometimes with kyanite laminations, appear as grey colored nodules (Figure 5.12 B).  Kyanite 
appears to have been replaced initially during this alteration event with quartz dissolution 
following.  Intensely altered rocks are composed of medium- to coarse-grained white talc and 
inclusion-rich dolomite with minor remnants of quartz.   
Within the dark-grey quartz-rich rocks, none of the quartz displays relict detrital textures 
suggesting that these rocks were not derived from metamorphism/metasomatism of sandstones.  
These quartz-rich rocks contain more quartz than the meta-siltstones of the basal siliciclastic 
sequence and are generally much poorer in talc.  Though the rocks could have been derived from 
chert, that rock type is not recognized elsewhere in the Lower Roan Subgroup of the Katangan 
basin (Hitzman pers. comm., 2013).  These quartz-rich rocks are most similar in texture to the 
silicified carbonate rocks in the Mines Subgroup of the Congolese Copperbelt, particularly the 
R.S.F. unit.  The intimate association of quartz-rich rocks and the meta-carbonate rocks within 
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the Enterprise graben sequence suggests that these quartz-rich rocks represent highly silicified 
argillaceous meta-carbonate rocks. 
 
 
Figure 5.12:  Talc-dolomite alteration of the dark-grey quartz-rich rock near the base of the 
Enterprise Graben Sequence.  (A) Dark-grey quartz-rich rock cut by irregular pale to white zones 
of talc-dolomite.  ENT DD0010, 385.3m.  (B) Remnant patches of dark-grey quartz-rich within a 
talc-dolomite assemblage.  ENT DD0010, 346.5m.  (C) Dark-grey quartz-rich rock from the base 
of the Enterprise Graben Sequence cut by veins of dolomite and talc.  ENT DD0010, 408m.  (D) 
Dark-grey quartz-rich rock with kyanite laminations cut by dolomite and dolomite-talc veins. 
ENT DD0010, 403.5m. 
 
5.5 Mafic Meta-Igneous Rocks 
 Meta-carbonate rocks in the Enterprise Graben Sequence are commonly intimately 
interlayered with green colored, carbonate-bearing, chlorite- and actinolite-rich rocks. These 
rocks range from massive to well foliated and have variable mineralogies.  They commonly 
appear to grade into carbonate-rich rocks.  These green colored rocks are present from within the 
basal siliciclastic sequence up through the Enterprise Graben Sequence and occur as lenses 
within the Upper Roan Subgroup sequence. They are particularly common adjacent to the 
polylithologic breccia and form one of the most prominent clast types within the polylithologic 
breccia.  These rocks were logged as mafic meta-igneous rocks.  It is commonly difficult both in 
the field and through petrography to accurately define the contact between altered mafic meta-
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igneous rocks and highly metasomatized argillaceous carbonate rocks.  Petrographic examination 
of these rocks indicates that they include probable meta-igneous rocks as well as highly 
metasomatized argillaceous carbonate rocks 
The rocks determined from petrography to be true mafic meta-igneous rocks contain 
abundant rutile (1 to 5 volume percent) and significant, but variable, amounts of actinolite, 
chlorite, talc, plagioclase, scapolite, and biotite.  These rocks are talc-rich in the basal siliciclastic 
sequence and in the lower part of the Enterprise Graben Sequence. They become progressively 
more actinolite-, chlorite-, and carbonate-rich higher in the Enterprise Graben Sequence and 
within the Upper Roan Subgroup.  Relict igneous textures are rarely preserved.  Some samples 
display biotite porphyroblasts that may represent altered mafic mineral phenocrysts (Figure 5.13 
A, C).  Many of the mafic meta-igneous rocks contain plagioclase porphyroblasts or poikilitic 
plagioclase grains that may represent highly altered igneous phenocrysts (Figure 5.13 A, B, D).  
Plagioclase in these rocks is sometimes calcic but is more commonly highly albitic.  Calcic 
plagioclase is commonly intergrown with or replaced by scapolite.  Mafic meta-igneous rocks 
within the Upper Roan Subgroup sequence and as clasts within the polylithologic breccia are 
commonly highly albitized (Figure 5.13 B).   
The mafic meta-igneous rocks commonly contain abundant actinolite and/or chlorite 
(Figure 5.13 A, C).  Biotite and locally phlogopite are also common constituents of these rocks. 
The amount of carbonate within clearly mafic meta-igneous rocks is highly variable.  Most 
contain minor to several percent dolomite and less commonly calcite.  Dolomite within the mafic 
meta-igneous rocks commonly contains abundant inclusions of biotite, muscovite, plagioclase, 
and quartz while carbonate minerals in meta-carbonate rocks generally lack such inclusions.  
Many of the meta-igneous rocks contain both fine- to coarse-grained disseminated pyrite and/or 
magnetite.  Mafic meta-igneous rocks in the basal siliciclastic sequence contain hematite rather 
than pyrite or magnetite. 
The mafic meta-igneous rocks appear to have a metamorphic mineral assemblage of 
actinolite, plagioclase, scapolite, chlorite, biotite/phlogopite, and dolomite similar to that 
observed in mafic meta-igneous rocks throughout the Domes region (e.g. Barron, 2003).  At 
Enterprise this metamorphic assemblage was commonly altered during metasomatism to a talc-, 
chlorite-, or albite-rich assemblage.  Talc is most common in mafic meta-igneous rocks within 




Figure 5.13:  Metamorphism and metasomatism of mafic meta-igneous rocks 
Mafic meta-igneous rocks.  (A) QEMSCAN® image an altered mafic meta-igneous rock that 
contains large biotite and quartz-plagioclase-scapolite porphyroblasts in a chlorite matrix.  Rutile 
is disseminated throughout. ENT DD0131, 118.2m.  (B) QEMSCAN® image of a mafic meta-
igneous rock with a distinctive ovoid texture located along the margin of the polylithologic 
breccia.  The rock consists of oval shaped albite porphyroblasts that probably nucleated on 
igneous plagioclase phenocrysts.  The texture suggests significant albitization of the rock.  The 
rims of the albite porphyroblasts contain scapolite, actinolite, quartz, and chlorite.  Biotite, 
dolomite, and minor rutile grow between porphyroblasts.  The albite is replaced by late 
muscovite and chlorite.  ENT DD0103, 133m.  (C) QEMSCAN® image of a dolomite-rich rock 
that is located adjacent to a dark-grey quartz-rich rock within the upper portion of the Enterprise 
Graben Sequence that was logged as a mafic meta-igneous rock.  The rock contains quartz 
(~30%), dolomite (~26%), actinolite (~18%), albite (~15%), and biotite (~8%).  This unusual 
composition suggests it may have been a mafic igneous rock but has been significantly altered, 
primarily due to silicification.  There is little textural evidence that it was initially a mafic 
igneous rock.  ENT DD 0087, 189.9m.  (D) Plane polarized photomicrograph of mafic meta-
igneous rock (A) showing a biotite porphyroblast with rutile inclusions in a groundmass of felted 
fine-grained Fe-chlorite. ENTDD 0131, 118.2m.  (E) Albite-rich mafic meta-igneous rocks with 
distinctive ovoid texture.  ENT DD0103, 133m.  (F) Cross-polarized photomicrograph of mafic 
meta-igneous rock (C) with coarse biotite within a matrix of coarse anhedral dolomite with 





replaces chlorite which itself replaced metamorphic amphibole, biotite/phlogopite, and 
plagioclase and scapolite.  In the upper portions of the Entrerprise Graben Sequence, as well as 
in the Upper Roan Subgroup, metamorphic actinolite and biotite/phlogopite in the mafic meta-
igneous rocks are commonly highly altered to chlorite.  Mafic meta-igneous rocks locally within 
the upper portions of the Enterprise Graben Sequence and typically within the Upper Roan 
Subgroup adjacent to the polylithologic breccia are highly albitized.  Some mafic meta-igneous 
rocks within the Enterprise Graben Sequence appear to have been silicified (Figure 5.14 C) 
similar to adjacent meta-carbonate rocks.  Apatite is generally rare in the mafic meta-igneous 
rocks.  Where present it generally occurs in metasomatic mineral assemblages similar to those 
observed in veins cross-cutting dark-grey quartz-rich rocks (Figure 5.9).  
In addition to being metamorphosed, the Katangan Supergroup rocks at Enterprise have 
undergone intense metasomatism. The basal siliciclastic sequence of the Lower Roan Subgroup, 
together with the rocks within the Enterprise graben, experienced the highest degree of 
metasomatism.  The combination of metamorphism and metasomatism resulted in the destruction 
of most sedimentary textures and detrital/diagenetic mineral assemblages in these sequences.   
 
5.6 Upper Roan Subgroup 
 The Upper Roan Subgroup at Enterprise contains carbonate rocks, polylithologic 
breccias, and minor mafic meta-igneous rocks.  The carbonate rocks consist of marble and 
dolostone.  The rocks are medium- to coarsely crystalline; the carbonate minerals display 
granoblastic textures (Figure 5.14).  Many of the carbonate rocks contain minor to locally 
abundant medium- to coarse-grained biotite/phlogopite that defines a weak to well developed 
foliation.  The carbonate rocks may also contain minor quartz and muscovite.  Carbonate rocks 
adjacent to the breccia commonly display a coarser-grained mineral assemblage (Figure 5.14 A).  
Scapolite is sometimes present in the carbonate rocks in proximity to the polytlithologic breccia. 
The polylithologic breccia within the Upper Roan Subgroup has a matrix of medium- to 
coarse-grained dolomite and albite with subsidiary quartz, phlogopite, and muscovite (Figure 
5.14 A, C).  Albite is most abundant in the lower portion of the polylithic breccia.  Clasts within 
the breccia are dominantly marble, dolostone, and mafic meta-igneous rocks composed of 
variable assemblages of chlorite, actinolite, scapolite, albite, and magnetite (Figure 5.14 C).  The 
polylithologic breccia is cut by dolomite and albite-dolomite-(chlorite) veins (Figure 5.14 B). 
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The Upper Roan Subgroup rocks at Enterprise display a metamorphic mineral 
assemblage typical of that developed in rocks of similar composition throughout the Domes 
region (M. Hitzman, pers. comm., 2012).  There is little evidence in these rocks of the intense 
metasomatism observed in the underlying Lower Roan Subgroup rocks.  
 
 
Figure 5.14:  Upper Roan Subgroup rocks at Enterprise.  (A) Foliated calcareous biotite marble 
with a sharp contact with the polylithologic breccia and a recrystallized and metasomatized 
selvage of coarse biotite and calcite/dolomite in the marble adjacent to the breccia.  ENT 
DD0010, 51-55m.  (B) Albite-dolomite vein that cuts the polylithologic breccia.  The vein 
contains coarse intergrown albite and dolomite with interstitial Mg-chlorite and biotite.  ENT 
DD0137, 147.2m.  (C) Mafic meta-igneous clast within the polylithologic breccia.  The clast has 







5.7 Mwashya Subgroup and Lower Nguba Group 
 Dolomitic meta-siltstones with interbedded carbonaceous phyllites overlie rocks of the 
Upper Roan Subgroup sequence at Enterprise.  These rocks are in turn overlain by diamictites of 
the Grand Conglomérat.  Most of these rocks are highly weathered in the Enterprise deposit area 
and hence were not examined petrographically.  Megascopically they differ from underlying 
rocks in their fine-grained size and absence of a schistose fabric.  The rocks appear to be 
composed largely of quartz, biotite, and muscovite with variable amounts of dolomite or calcite.  
Carbonaceous rocks appear to be finer-grained than poorly carbonaceous rocks.  There is no 
megascopic evidence for the presence of kyanite or of silicification or metasomatic alteration to 
chlorite- or talc-bearing assemblages.  
 
5.8 Carbon and Oxygen Isotopic Composition of Rocks from Enterprise 
 Carbon and oxygen isotopic analysis of 72 samples of the basal siliciclastic sequence, 
meta-carbonate and mafic meta-igneous rocks within the Enterprise Graben Sequence, and meta-
carbonate and polylithologic breccia from the Upper Roan Subgroup at Enterprise was 
undertaken to determine if significant isotopic variations are present.   The results (Figure 5.15; 
Appendix D) demonstrate that carbonate minerals at Enterprise have isotopic values somewhat 
depleted in carbon relative to average Neoproterozoic marine carbonate rocks (Jacobsen and 
Kauffmann, 1999) and similar to the isotopic values observed in Lower Roan and Upper Roan 
Subgroup rocks in the RCB-2 and IT-26 drill holes in the Zambian Copperbelt (Bull et al., 2011).  
Given the presence of significant organic material in portions of the Enterprise Graben Sequence 
it was expected that some carbonate-bearing rocks would contain carbonate minerals with highly 
depleted carbon values similar to those seen in some mineralized zones in the Zambian 
Copperbelt (Selley et al., 2005).  However, the results for Enterprise do not mirror those of the 
Zambian Copperbelt and display a relatively weak trend towards lighter carbon isotopic values 
(Figure 5.15).   
Metamorphism of carbonate rocks commonly does not result in significant isotopic shifts 
in the absence of externally derived fluids (Valley and O’Neil, 1984). Thus, the isotopic results 
from Enterprise suggest that initial Lufilian metamorphism did not involve large amounts of 
external fluids.  The lightest carbon values in the Enterprise data set occur in magnesite-rich 
rocks.  These rocks were produced through reaction of meta-carbonate rocks with a magnesium-
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rich fluid probably associated with the magnesian alteration event that formed the abundant talc 
found in the Enterprise area.  The relatively minor shifts in the carbon isotopic composition of 
these rocks indicates that significant incorporation of carbon derived from breakdown of organic 
matter in adjacent carbonaceous rocks did not occur during this metasomatic event.  Destruction 
of organic matter appears to have occurred during silicification of the meta-carbonate rocks 
within the Enterprise Graben Sequence.  The fate of the carbon dioxide generated during this 
alteration event is unclear. 
If mineralization at Enterprise involved redox reactions involving organic matter as 
seems likely from the geological evidence, the carbon dioxide produced could be incorporated 
into simultaneously precipitated carbonate minerals.  Minor dolomite is intergrown with sulfides 
at Enterprise but was too fine-grained for sampling with a dental drill.  It is suspected, however, 
that this carbonate would display strongly depleted carbon values similar to those observed with 








Figure 5.15:  Plot of carbon and oxygen isotopic results from rocks at Enterprise compared with 
the average values of Neoproterozoic marine carbonate rocks (Jacobsen and Kauffmann, 1999), 
ranges for metamorphic and magmatic waters (Taylor, 1974), the isotopic values of Lower Roan 
Subgroup carbonate rocks from the RCB-2 and IT-26 drill holes from the Zambian Copperbelt 
(Bull et al., 2011), and all carbon and oxygen isotopic data for the Zambian Copperbelt presented 
by Selley et al. (2005).  The Enterprise data plots generally within the field of isotopic values for 
Lower Roan Subgroup rocks from Bull et al. (2011).  The trend towards lower isotopic values of 
carbon observed in the Zambian Copperbelt (indicated by dotted arrow) and interpreted by 
Selley et al. (2005) as evidence of derivation of carbon from breakdown of organic material is 





CHAPTER 6  
SULFIDE MINERALIZATION 
 
 The majority of the nickel sulfides at Enterprise are hosted in the dark-grey quartz-rich 
rocks of the Enterprise Graben Sequence (Figures 6.1, 6.2).  Although assays indicate that 
significant nickel is locally present in carbonaceous quartz-rich rocks, petrographic studies and 
QEMSCAN® analysis did not locate significant nickel sulfides.  Nickel sulfides are also present 
in some meta-carbonate rocks.  These rocks were not investigated in detail in the present study.  
Magnesite veins and alteration zones developed locally between quartz-rich rocks and meta-
carbonate rocks locally contain significant nickel values.   
 
 
Figure 6.1:  Map of Main Zone at Enterprise with location and of synsedimentary normal faults 




Figure 6.2:  Northwest-southeast-oriented section through the Enterprise deposit showing the 
location of the nickel and copper mineralized zones.  Nickel sulfides are concentrated in dark-
grey quartz-rich rock and meta-carbonate rock within the fault controlled graben structure.  
Nickel sulfides are also present in dark-grey quartz-rich rocks, meta-carbonate rocks, and meta-
siltstones at the top of and overlapping the graben.  There is a suggestion that mineralization may 
have been spatially controlled by normal faults.  The copper zone underlies the nickel zone.  
Copper sulfides are present in both dark-grey quartz-rich rock and meta-siltstones. 
 
Sulfides in the dark-grey quartz-rich rocks occur as disseminated grains along 
laminations, as semi-massive replacements, and within veins.  In carbonaceous quartz-rich rocks 
sulfides, dominantly pyrite, occur primarily as disseminations in quartz-rich bands.  Sulfides in 
the meta-carbonate rocks occur as disseminations and within veins.  Pyrite in the magnesite veins 
and pods forms grains interstitial to the magnesite crystals or as discontinuous veins that cut 
magnesite.  A copper sulfide zone underlies the main Enterprise deposit and contains 
chalcopyrite and pyrite with minor bornite. 
 
6.1 Nickel Mineralized Zones 
The main sulfide minerals in nickel-mineralized zones at Enterprise are millerite, vaesite, 
bravoite (nickeliferous pyrite), and pyrite with lesser chalcopyrite, molybdenite, and pyrrhotite 
(Table 6.1).  A silver colored iron-nickel sulfide is also observed intergrown with semi-massive 
bravoite and may be an even more nickeliferous pyrite.  Millerite, bravoite, and pyrite all 
72 
 
typically display a similar bronze color in drillcore making discrimination between them 
difficult.  Millerite, however, tarnishes with time while pyrite and bravoite typically maintain a 
bronze color.  Vaesite is distinctive.  It forms dark grey often euhedral dipyramid crystals and is 
concentrated in vuggy rocks.    Chalcopyrite is generally very fine grained in nickel zones and is 
difficult to see megascopically.  Molybdenite is restricted to nickel mineralized zones.  It 
typically forms coarse crystals.  Pyrrhotite is relatively rare though its presence can be discerned 
in hand specimen by its weak magnetism. 
 
Table 6.1:  Table of sulfides and oxides that occur within the nickel mineralized zones at the 
Enterprise deposit 
Millerite NiS Chalcopyrite CuFeS2 
Vaesite NiS2 Bornite Cu5FeS4 
Bravoite (Ni,Fe)S2 Molybdenite MoS2 
Pyrite FeS2 Garnierite Ni3(Si2O5)[OH]4 
Pyrrhotite Fe1-xS Annabergite Ni3(AsO4)2•8[H2O] 
 
 Disseminated fine-grained pyrite appears to be the paragenetically earliest formed 
mineral in the rocks of the Enterprise graben sequence.  Early pyrite is extremely fine grained 
and displays rounded to subrounded shapes typical of framboidal pyrite (Figure 5.8 B). In the 
dark-grey quartz-rich rocks this early pyrite forms inclusions in both quartz and kyanite 
suggesting it formed prior to silicification.  Fine-grained disseminated pyrite is also observed in 
the carbonaceous quartz-rich rocks and to a lesser degree in some meta-carbonate rocks.   
 Nickel mineralization at Enterprise occurred after the growth of foliated kyanite in the 
host rocks (Figures 6.3) indicating it was syn- or post-metamorphic in age. Nickel mineralization 
occurred in two main stages: a vaesite-millerite-coarse pyrite (Ni-Fe) stage and a bravoite-
millerite (Fe-Ni-Mo) stage.  Minor chalcopyrite was precipitated during both stages and 
continued after nickel mineralization.  Kyanite grew with quartz in veins during and after nickel 
mineralization.  However, the sulfides in quartz-kyanite veins always appear to replace both 
quartz and kyanite.  Kyanite growth before, during, and after precipitation of nickel sulfides 
suggests that nickel mineralization occurred at similar P/T conditions to the main Lufilian 
metamorphic event.  Pyrite and very minor chalcopyrite precipitation, along with renewed 
growth of kyanite, followed nickel mineralization. 
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The initial stage of nickel sulfide precipitation resulted in the formation of both vaesite-
millerite and millerite-pyrite assemblages (Figures 6.3, 6.4, 6.5, 6.6).  The vaesite-millerite 
assemblage is largely restricted to dark-grey quartz-rich rocks and occurs in vuggy, highly 
altered zones (Figure 6.4 A).  Petrography suggests that quartz in these zones was leached.  
Vaesite, with lesser millerite and coarse pyrite, preferentially replaced quartz (Figure 6.4 B); 
kyanite is locally cut and apparently replaced by sulfides.  Vaesite also forms euhedral crystals 




Figure 6.3:  Schematic paragenetic sequence of mineral formation during diagenesis, Lufilian 
metamorphism, and metasomatism at Enterprise.  Note that metamorphic mineral (e.g. kyanite) 
growth continued during the period of nickel mineralization indicating that the mineralization 
event occurred under similar P/T conditions to Lufilian metamorphism.  The metamorphic event 
in the Kabompo Dome region has been dated to between 547 and 530 Ma while the 






Figure 6.4:  Vaesite-millerite assemblage in dark-grey quartz-rich rock at Enterprise.  (A) 
Brecciated and vuggy dark-grey quartz-rich rock that contains abundant vaesite (dark grey) and 
minor bronze colored millerite.  ENT DD0019, 112m.  (B) QEMSCAN® image of a portion of 
A.  The dark-grey quartz-rich rock is composed of quartz with apparently randomly oriented 
fine- to coarse-grained kyanite grains.  Open space appears to be generated by dissolution of 
quartz..  Quartz is cut and replaced by intergrown vaesite and millerite.  Kyanite appears to be 
overgrown by and locally replaced by the nickel sulfides.  Kyanite is cut and replaced by talc and 




The pyrite and millerite assemblage is present as both disseminated sulfides (Figure 6.5) 
and semi-massive replacements of wallrock (Figure 6.6).  In zones with disseminated sulfides 
(Figure 6.5 A) millerite and coarse pyrite are commonly distinct and not intergrown.  Both 
millerite and coarse pyrite overgrow and replace early fine-grained pyrite (Figure 6.5 B, C).  
Although millerite in the pyrite-bearing assemblage replaced quartz it appears to have 
preferentially nucleated on and replaced kyanite (Figure 6.5 D).  Chalcopyrite in zones of 
disseminated sulfides replaced earlier formed pyrite and occurs as small grains intergrown with 
millerite. 
Millerite-coarse pyrite assemblages also form semi-massive replacements of the host rock 
(Figure 6.6 A, B). Such replacive zones are most common in dark-grey quartz-rich rocks, but 
have also been observed in adjacent meta-carbonate rocks. Millerite and pyrite in these zones 
form coarse intergrown grains.  Both millerite and pyrite contain inclusions of kyanite but only 
millerite appears to contain significant quartz inclusions (Figure 6.6 C).  Millerite commonly 
contains very fine grains of chalcopyrite along cleavage planes (Figure 6.6 C). This sulfide 
assemblage also contains coarse grains of mica up to 5 mm in diameter.  This mica has a distinct 
emerald-green color and is commonly translucent.  Petrographically, this mineral is pale green in 
transmitted light, but otherwise displays the same properties as muscovite.  SEM analysis 
indicates it is vanadium-rich.  The vanadian muscovite contains kyanite inclusions.  It may also 
contain very fine grains of vaesite. Dolomite is a common, but minor, constituent in semi-
massive zones of millerite-coarse pyrite. 
It is probable that the distribution of the vaesite-millerite and millerite-pyrite assemblages 
can provide important clues as to the genesis of the deposit.  The highly vuggy vaesite-millerite 
zones clearly experienced significant quartz dissolution in addition to replacement of quartz by 
sulfides.  Such intense dissolution does not appear to have occurred in zones that contain the 
millerite-coarse pyrite assemblage.  The vaesite-millerite zones represent some of the highest-
grade portions of the Enterprise deposit.  It is likely that they formed proximal to hydrothermal 
fluid conduits.    
Early nickel mineralization with the precipitation of vaesite and millerite was followed by 
a period of bravoite precipitation.  The bravoite assemblage occurs as disseminated sulfides, 
massive to semi-massive replacement of earlier formed sulfides, and locally in veins.  Bravoite 
clearly cuts and replaces millerite (Figure 6.7 A).  Bravoite may also contain irregularly shaped 
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inclusions of quartz and kyanite (Figure 6.7 B) suggesting it replaced wallrock as well as 
previously precipitated sulfides.  Bravoite-dominant assemblages also contain chalcopyrite, 
molybdenite, and pale silver Ni-Fe sulfides, as well as vanadian muscovite.  
A late period of pyrite-(chalcopyrite) precipitation occurred locally at Enterprise (Figure 















Figure 6.5:  Disseminated millerite-coarse pyrite assemblage within dark-grey quartz-rich rock at 
Enterprise.  ENT DD0055, 133.2m.  (A) Dark-grey quartz-rich containing abundant white 
kyanite porphyroblasts together with clots of coarse-grained pyrite and millerite.  (B) Cross-
polarized reflected-light photomicrograph of coarse millerite overgrowing kyanite with 
disseminated pyrite in the surrounding quartz-rich material.  (C) Plane-polarized with reflected-
light photomicrograph of dark grey quartz-rich rock showing abundant fine-grained, subrounded 
pyrite in the quartz-rich portions of the rock, large subhedral to anhedral pyrite grains, and 
ragged grains of millerite within or adjacent to kyanite porphyroblasts.  Note that all the sulfides 
in this image have a similar reflectance and color.  (D) QEMSCAN® image of laminated dark-
grey quartz-rich rock with disseminated iron and nickel sulfides.  The rock displays quartz-rich 
domains containing abundant rounded grains of disseminated pyrite and irregular rutile grains.  
The rock also contains ragged, elongate kyanite porphyroblasts up to 4 mm in length that 
overgrow quartz and contain fine grains of rutile but rarely pyrite. The rock contains later 
subhedral to anhedral grains of coarse pyrite that appear to overprint kyanite.  Kyanite is also cut 
by irregularly shaped grains of millerite.  Millerite appears to have precipitated preferentially 
within or adjacent to kyanite though minor amounts of millerite surround and apparently replace 
early fine-grained pyrite.  The millerite is intergrown with Mg-chlorite (difficult to distinguish in 
this image due to close colors of the two minerals).  Minor chalcopyrite is present as 
replacements of fine-grained early pyrite and as very fine grains in and adjacent to millerite.  
Irregular grains of vanadian muscovite with intergrown fine vaesite have a texture similar to 

























Figure 6.6:  Semi-massive millerite-coarse pyrite assemblage in dark-grey quartz-rich rocks at 
Enterprise.  (A) Dark grey quartz-rich rock with irregular kyanite-quartz veins that are cut and 
replaced by a millerite (dark bronze color) and pyrite (brassy color) assemblage with vanadian 
muscovite (green).  The visible sulfide assemblage consists of coarse grains of pyrite with darker 
bronze colored millerite.  ENT DD0019, 138m.  (B) Dark-grey quartz-rich rock with laminations 
of bluish white kyanite porphyroblasts that are cut by quartz-kyanite veins.  An assemblage of 
semi-massive millerite and pyrite replaces the wallrock and cuts the quartz-kyanite veins. ENT 
DD0055, 133m. (C) QEMSCAN® image of a portion of B.  The left side of the image displays 
kyanite prophryroblasts in a quartz-rich matrix that were locally overgrown by coarse pyrite 
grains and in other places replaced by vanadian muscovite.  The sulfide-rich portion of the 
sample consists of intergrown pyrite and millerite with inclusions of kyanite.  The millerite 
contains chalcopyrite with minor pyrite along cleavage planes.  This coarse-grained assemblage 
also has large grains of vanadian muscovite with inclusions of potassium feldspar and kyanite.  
Small grains of dolomite are also present in the coarse-grained assemblage.  Most kyanite grains 











Figure 6.7:  Bravoite assemblage in dark-grey quartz-rich rocks at Enterprise.  (A) Cross-
polarized with reflected light image of millerite (pale brown) being cut and replaced by darker 
brown colored bravoite (nickeliferous pyrite).  The sulfides are intergrown with or replacing 
quartz.  ENT DD0084, 162.3m.  (B) QEMSCAN® image of the dark grey quartz-rich rock that 
consists of quartz with small grains of kyanite. The rock contains several large grains of 
millerite.  The millerite is overgrown and cut by bravoite that is in turn cut by pyrite veinlets 
with minor chalcopyrite.  Minor vanadian muscovite also appears to locally form part of this 
assemblage. The bravoite, and to a lesser extent the later pyrite, is cut by thin veinlets of Mg-




6.2 Copper Sulfide Zone 
 A small zone containing copper sulfides underlies the nickel-mineralized zone at 
Enterprise.  The copper sulfides occur within talc-rich and/or silicified and albitized meta-
siltstones at the base of the Enterprise Graben Sequence and on the up-thrown sides of the 
normal faults that bound the graben (Figure 6.2).  Hematite has been leached from the copper 
mineralized rocks.  Pyrite and chalcopyrite are the primary sulfides in the copper zone with 
minor, intergrown bornite.  The copper sulfides occur as lamination parallel disseminations 
(Figure 6.8 A), irregularly distributed disseminated grains many of which appear to replace fine-
grained pyrite (Figure 6.8 B), and within veinlets (Figure 6.8 C).      
 
 
Figure 6.8:  Copper sulfide zone at Enterprise.  (A) Silicified meta-siltstone adjacent to the 
Enterprise graben containing disseminated, lamination parallel chalcopyrite.  ENT DD0019, 
366.2m.  (B) Talc-rich siltstone at the base of the Enterprise graben sequence with chalcopyrite 
rimming and replacing pyrite.  ENT DD87, 388.4m.  (C) Talc-rich meta-siltstone at the base of 
the Enterprise graben-sequence with cross-cutting bornite vein.  ENT DD0019, 367.5m. 
 
6.3 Sulfur Isotopes 
 Ninety sulfide mineral separates from Enterprise were analyzed for sulfur isotopes.  
Samples were collected via microdrilling and differentiation between sulfide species was 
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accomplished with a combination of reflected light petrography and SEM analysis when 
necessary.  Microdrilling did not allow for sampling of the very fine-grained pyrite present in the 
dark-grey quartz-rich and carbonaceous quartz-rich rocks of the Enterprise Graben Sequence that 
have framboid-like morphologies.  
 Coarse pyrite, nickel sulfides, chalcopyrite, pyrrhotite, and molybdenite (n=61) within the 
nickel mineralized zones at Enterprise display a range of values from -12‰ to +17‰ though 
most values fall between -1‰ and +7‰ (Figure 6.8).  The lower nickel zone displays slightly 
heavier average values than the upper nickel zone.  The single very light value of -12‰ comes 
from pyrite within a magnesite vein cutting a carbonaceous quartz-rich rock within the Main 
zone.  This pyrite may have inherited part of its sulfur from fine-grained, framboid-like pyrite. 
Copper sulfides and pyrite from within the copper zone (n=7) display a similar range of values 
(0‰ to +8‰) as sulfides in the lower nickel zone.  The spread of sulfur isotopic values of 
Enterprise deposit sulfides is more tightly constrained than those in many of the copper deposits 
in the Central African Copperbelt (e.g. Selley et al., 2005) though many of the Copperbelt 
deposits have sulfides with average values similar to those at Enterprise. 
Neoproterozoic diagenetic pyrite is known in many areas of the world to have values 
above 0‰ (Strauss, 1997).  The isotopic δ34S value of disseminated, possibly diagenetic pyrite in 
marbles in the Upper Roan Subgroup marble is +3‰ (Figure 6.9).  Apparently diagenetic pyrite 
and pyrrhotite in Mwashya Subgroup carbonate-bearing siltstones has isotopic values between 
+2‰ and +3‰ (n=3).  Thus, diagenetic pyrite in the Enterprise area may have had relatively 
heavy sulfur isotopic values or may have exchanged with heavier sulfur during metamorphism.  
Most diagenetic pyrite in the Katangan basin that has been analyzed has sulfur isotopic values of 
<0‰ (e.g. McGowen et al., 2003; Schmandt et al., in press).  The absence of significant sulfides 
at Enterprise with light sulfur isotopic values suggests that diagenetic pyrite was not a primary 
source of reduced sulfur for the Enterprise deposit.  
Pyrite within the mafic meta-igneous rocks at Enterprise (n=10) has sulfur isotope values 
that cluster between -1‰ and +7‰ with one outlier at +16‰ (Figure 6.9).  This is within the 
range observed in basaltic rocks (-6‰ to +14‰) though most basalts have sulfide sulfur isotopic 
values that average -0.3‰ (Schneider, 1970).  Disseminated pyrite in the polylithologic breccia 
(n=3) has values between +2‰ and +6‰.  The polylithologic breccia is believed to have formed 
due to movement of evaporites derived from Neoproterozoic seawater.  The sulfur isotopic 
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composition of the pyrite in the breccia is low relative to the estimated sulfur isotopic 
composition of seawater (15‰ to +25‰ CDT; Claypool et al., 1980; Strauss et al., 2001) at the 
onset of the lower Nguba Group time Sturtian glaciation.  Anhydrites from within the Roan 
Group throughout the Central African Copperbelt have δ34S values that average approximately 
+17‰ (Selley et al., 2005) while sulfate within the Mwashya Subgroup immediately below the 
Grand Conglomérat at the Kamoa deposit average +20‰ (Schmandt et al., in press). 
 
 
Figure 6.9:  Histogram of sulfur isotopic data for the Enterprise deposit by mineral.  There is a 
clear peak of values between +2‰ and +6‰.  
 
It is likely that the primary sulfur source for the Enterprise deposit was Neoproterozoic 
marine sulfate that underwent thermochemical sulfate reduction (TSR) during the complex 
metamorphic/metasomatic Lufilian event.  The δ34S sulfur isotopic values of the sulfides at 







































Figure 6.10:  Histogram showing sulfur isotopic values of sulfides plotting according to the host 




































CHAPTER 7  
AGE OF MINERALIZATION 
 
Single sample dating of molybdenite can yield accurate and precise ages with the Re-Os 
method (Chesley and Ruiz, 1998; Stein et al., 2001).  The Re-Os chronometer has proven to be 
robust, as precise isochrons have been obtained even for molybdenites that have undergone high-
grade metamorphism and deformation (Bingen and Stein, 2003). However, geologically old, and 
coarse-grained molybdenite samples may require as much as 40 mg of aliquant from a much 
larger mineral separate to overcome Re and 187Os decoupling (Selby and Creaser, 2004) due to 
the smaller and lower charge of radiogenic Os that allows it to diffuse faster than larger and 
higher charge Re in molybdenite at a given set of conditions (Takahashi et al., 2007).  In 
addition, spiking amounts can also influence Re-Os age and uncertainty (Markey et al., 1998; 
Stein et al., 2001; Selby and Creaser, 2004). 
A molybdenite separate from Enterprise (ENT DD0019, 141.3m) was obtained from a 
quartz-kyanite-sulfide vein cutting dark-grey quartz-rich rock within the Enterprise graben 
sequence.  Coarse molydenite forms along the margins of kyanite in the center of the vein.  The 
vein also contains millerite intergrown with pyrite that contains minor chalcopyrite inclusions.  
This style of vein represents the second (bravoite) stage of nickel mineralization at Enterprise.  
Reflected light petrography of the sample indicated that the molybdenite was pure and lacked 
other sulfide inclusions. Molybdenite from the vein was obtained with a dental drill and the 
powder homogenized for Re-Os dating at the AIRIE Applied Isotope Research Laboratory at 
Colorado State University.  
The Re-Os chronometer is based on the β–decay of parent 187Re (62.6% of total Re) to 
daughter 187Os.  Molybdenite is a sink for Re (substituting for Mo) and generally has Re 
concentrations well into the parts-per-million range. Molybdenite essentially excludes Os from 
its structure upon formation. Therefore, the lack of initial or common Os coupled with parts-per-
million levels of Re (Re/Os > 106) yields readily measurable radiogenic 187Os in a geologic 
sample.  The molybdenite age is obtained by applying the equation 187Os = 187Re (eλt  – 1), where 
t is the age and λ is the decay constant for 187Re. Initially 40 mg of purified molybdenite separate 
from the samples was combined with a mixed-double Os spike.  Using the Carius tube method 
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(Shirey and Walker, 1995), sample and spike were equilibrated in HNO3 -HCl (inverse aqua 
regia) after heating for 12 h at 230°C.  The Os was subsequently recovered by solvent extraction 
using CCl4 with a methodology modified from Cohen and Waters (1996).  Purified Re and Os 
were loaded on Pt filaments, and isotopic data were acquired by negative thermal ion mass 
spectrometry (Creaser et al., 1991; Völkening et al., 1991).  Samples were analyzed using a 
Faraday cup on a National Bureau of Standards (NBS) 12-in-radius 90° magnetic sector mass 
spectrometer at Colorado State University.  Molybdenite standards of known age were run as an 
internal check (Markey et al., 2007).  All data were blank corrected and with the double Os spike 
there was correction for Os isotope mass fractionation and common Os.  
The molybdenite sample from Enterprise contained measurable common Os but at a level 
insignificant to the Re-Os age calculation.  The 2σ uncertainties in the calculated ages for this 
sample (Table 7.1) include the propagation of all analytical error, the uncertainty in the 187Re 
decay constant, and the uncertainty in the 185Re and 190Os spike calibrations. The first run (MD-
1289) was overspiked for Re and yielded a relatively high uncertainty in the Re concentration. 
This uncertainty fell an order of magnitude in the second run (MD-1300) with corrected spiking.  
The second age (540.6 + 1.8 Ma; MF-1300) is considered to be accurate at high precision and 
represents the age of molybdenite mineralization in this sample (H. Stein, pers. comm., 2012). 
Geochronology in the Central African Copperbelt has been interpreted to suggest the area 
underwent a protracted period of mineralization.  An approximate 816 Ma Re-Os isochron age 
for chalcopyrite in evaporitic nodules in the hangingwall of the Konkola deposit in the Zambian 
Copperbelt (Barra et al., 2004) is the earliest date for copper mineralization.  A uranium 
mineralization episode took place at ~ 652 Ma (Decrée et al., 2011).  Late diagenetic 
mineralization is recorded by a Re-Os isochron age on Cu-Co sulfides from two arenite- and one 
argillite-hosted deposits of the Zambian Copperbelt at 576 ±41 Ma (Barra et al., 2004).  Uranium 
mineralization also occurred in the Domes region at ~530 Ma (Decrée et al., 2011).  This age 
matches the best estimates for peak metamorphism in the Domes region based on 207Pb/235U age 
of monazite from the Kabompo Dome of 525+2 Ma, though 206Pb/238U ages are ~540 Ma (John 
et al., 2004).  Monazite in quartz-kyanite-muscovite schist from the structural hangingwall of the 
nearby Sentinel copper deposit yielded a 207Pb/206Pb age of 548.6+7.6 Ma and a 208Pb/232Th age 
of 546.1+6.5 Ma (Steven and Armstrong, 2003).  A post-peak metamorphism albitization event 
occurred at approximately 512 to 500 Ma and is associated with quartz-carbonate veins locally 
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containing Cu-U-Mo-(Au) (Musoshi: Richards et al., 1988; Mindola and Kansanshi: Darnley et 
al., 1961; Kansanshi: Torrealday et al., 2000).  Concordant Rb-Sr and Re-Os ages on sphalerite-
bornite and bornite-renierite of approximately 451 Ma (Schneider et al., 2007) and 39Ar-40Ar 
ages of 490 Ma and approximately 463 Ma, respectively at Kipushi indicate a late post-
metamorphic mineralizing event.  These ages match Rb-Sr dates for biotite-plagioclase 
assemblages in the basement rocks of the Kabompo Dome that are interpreted to represent the 
age of metamorphic cooling (John et al., 2004). 
As the sulfide-bearing veins at Enterprise cut previously metamorphosed Katangan 
sedimentary rocks (~546 Ma age of metamorphism in the Kabompo Dome; Steven and 
Armstrong) the Re-Os molybdenite age of ~540 Ma appears reasonable.  The presence of kyanite 
in the sulfide-bearing veins clearly indicates they are forming during metamorphic conditions 
though probably after peak metamorphism. 
 
Table 7.1:  Re-Os ages for molybdenite from the Enterprise deposit, NW Zambia 



















CHAPTER 8  
DISCUSSION 
 
 The Enterprise deposit appears to represent a previously unrecognized type of nickel 
deposit.  As such it is important to understand its geological setting and the controls on 
mineralization.  The geology of the western portion of the Domes region of northwestern Zambia 
is generally poorly known.  It is thus imperative to utilize the detailed geological information 
available at Enterprise to place the area in the context of the broader Katangan basin.  While the 
geology at Enterprise shares similarities with that in the Zambian Copperbelt, the Congolese 
Copperbelt, and elsewhere in the Domes region it also has distinctive characteristics.  
Understanding which of these were critical to the formation of the Enterprise nickel deposit is 
important for continued mineral exploration.  While this study has not provided all the answers 
required to develop a robust new exploration model it does lay the foundations.   
 
8.1. The Enterprise Katangan Supergroup Sequence 
The Katangan sequence at Enterprise displays features characteristic of both the 
Katangan sequence in the Zambian Copperbelt and that of the Congolese Copperbelt.  The base 
of the sequence at Enterprise contains coarse conglomerates and arkosic sandstones similar to 
those of the Zambian Copperbelt (Selley et al., 2005).  However, these conglomerates are not 
present throughout the entire Enterprise area.  It is unclear if this is due to non-deposition or 
whether the basal portion of the sequence was locally removed by the shear zone observed 
between the basement rocks and the base of the Katangan Supergroup sequence.  If 
conglomerates were not deposited at Enterprise it may indicate that the immediate area was a 
topographic high prior to development of the synsedimentary faults that allowed deposition of 
the Enterprise graben sequence. 
The composition of the meta-siltstones in the basal siliciclastic sequence at Enterprise is 
similar to that of the siltstones and fine-grained sandstones of the R.A.T. Subgroup in the Roan 
Group of the DRC.  Both are quartz-poor and rich in magnesium.  Unlike the R.A.T., the meta-
siltstones at Enterprise generally lack dolomite and magnesite.  However, the unusual 
composition of both these sequences suggests they were deposited in an evaporative depositional 
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environment that subsequently underwent extreme magnesian metasomatism (Cluzel, 1985; 
Kampunzu et al., 2005).  
The Enterprise Graben Sequence consists of meta-siltstones similar to those in the 
underlying basal siliciclastic sequence that are interlayered with siliceous and carbonaceous 
rocks together with relatively abundant carbonate rocks.  Carbonate, siliceous, and carbonaceous 
rocks increase in abundance up section within the Enterprise Graben Sequence at the expense of 
meta-siltstones.  The original composition of the siliceous and carbonaceous siliceous rocks is 
unclear.  They could represent recrystallized meta-sandstones and or cherty beds.  However, 
these rocks do not display petrographic evidence of detrital quartz grains and cherts are 
extremely rare within the Katangan Supergroup sequence in the Katangan basin.  
These rocks may represent silicified carbonate beds.  The laminated textures of the dark 
grey quartz-rich rocks, the black carbonaceous quartz-rich rocks, and some of the carbonate 
rocks are highly reminiscent of textures within the D. Strat. (Dolomies Stratifiées) and R.S.F. 
(Roches Siliceuses Feuilletées) units of the Mines Subgroup in the DRC (Cailteux, 1994).  The 
D. Strat. unit contains finely bedded dolomites, commonly with casts after evaporitic minerals 
and centimeter-sized elliptical siliceous nodules.  The overlying R.S.F. unit is lithologically 
similar but with reduced bed thicknesses.  The siliceous dolostones of the R.S.F. generally 
display millimeter-scale laminations that exhibit a crinkly texture thought to be due to their 
origin as algal deposits (Cailteux, 1994).  Both the R.S.F. and D. Strat. units were probably 
originally composed of dolomite and evaporitic minerals (Muchez et al., 2008).  Both units are 
generally highly silicified (Cailteux, 1994).   
No convincing casts after evaporitic minerals were found in the siliceous rocks at 
Enterprise.  However, the highly silicified nature of the rocks may have resulted in destruction of 
most original diagenetic textures.  Cathodoluminescence studies by Zimba (2012) demonstrate 
that multiple quartz generations can be imaged which are not visible in normal petrography.  
Additional CL work might help to discern the history of the quartz-rich rocks.  Given the 
apparent similarities to rocks within the Mines Subgroup of the DRC it is likely that they are 
lithostratigraphically equivalent to the base of the Upper Roan Subgroup in the Zambian 
Copperbelt. 
The amount of organic carbon in the black carbonaceous quartz-rich rocks within the 
Enterprise Graben Sequence is highly unusual within the Central African Copperbelt.  Rocks 
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with total organic carbon contents above 10% are considered excellent source rocks for 
petroleum deposits (Tissot and Welte, 1984) and are commonly found in lacustrine environments 
(Hunt, 1996).  Although in most places the D. Strat. and R.S.F. units do not currently contain 
significant amounts of organic carbon, it has been postulated that these rocks may have 
originally been organic-rich and that such material formed the reductant for copper sulfide 
precipitation (Hitzman et al., 2012).  It is also possible that the high organic content of some of 
the Enterprise graben sequence rocks represents migrated hydrocarbons, though a source for 
such hydrocarbons is not recognized in adjacent or underlying rocks.  The local presence of 
abundant carbonaceous matter in the uppermost carbonate rocks of the Enterprise Graben 
Sequence and the basal carbonate rocks of the Upper Roan Subgroup rocks could indicate local 
migration of hydrocarbons from source rocks within the Enterprise Graben Sequence. 
The basal portion of the Katangan sequence at Enterprise contains locally abundant mafic 
meta-igneous rocks.  Similar rocks are present in the Upper Roan Subgroup in portions of the 
Zambian Copperbelt where they are interpreted as sills.  The mafic rocks at Enterprise were also 
likely intrusive.  The Enterprise mafic rocks lack the massive lava flow and flow breccia textures 
present in mafic igneous rocks along the eastern edge of the Kabompo Dome to the north of 
Enterprise at the top of the Mwashya Subgroup and at base of the Nguba Group.  The abundance 
of mafic rocks within the Enterprise Graben Sequence suggests that igneous activity may have 
been controlled by syn-sedimentary faults.   
The massive carbonate rocks and the polylithologic breccia that overlie the Enterprise 
Graben Sequence are typical of the Upper Roan Subgroup sequence in the Zambian Copperbelt 
(Selley et al., 2005).  The polylithologic breccia at Enterprise is lithologically, geometrically, and 
texturally similar to the stratabound polylithologic breccias in both the Zambian (Selley et al., 
2005) and the Congolese copperbelts (François, 1973; Cailteux and Kampunzu, 1995).  Although 
the origin of these breccias remains a subject of debate, most workers agree that they formed 
along former evaporite horizons or along salt diapirs (Jackson et al., 2003; Hitzman et al., 2012).  
The preserved stratigraphic sequence at Enterprise lacks a thick Mwashya Subgroup sequence 
and is hence different from sections measured elsewhere along the eastern edge of the Kabompo 
Dome.  The absence of a thick Mwashya Subgroup sequence appears to be due to structural cut 
out of this sequence along the polylithologic breccia.  In the Zambian Copperbelt there is rarely 
evidence that significant amounts of stratigraphic section are missing adjacent to the 
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polylithologic breccias.  The polylithologic breccias in the DRC are more voluminous than those 
in the Zambian Copperbelt and contain megafragments hundreds to thousands of meters in 
length; they also cut vertically upsection at least to the level of the lower Kundelungu Group 
(François, 1973; Cailteux and Kampunzu, 1995; Jackson et al., 2003; Hitzman et al., 2012).  The 
polylithologic breccias at Enterprise are generally restricted to the Upper Roan Subgroup as in 
the Zambian Copperbelt but appear to cut out section similar to what is observed in the 
Congolese Copperbelt. As in the Zambian Copperbelt, mafic sills also appear to have ponded 
beneath the polylithologic breccias. 
The Enterprise area contains three different sets of faults. The most important for the 
sedimentary architecture of the area are the early generally northeast-trending normal faults.  
Drilling to date suggests these faults form kinematically linked normal fault arrays with a ramp-
relay geometry probably indicative of transtension.  The location of the Enterprise deposit is 
clearly controlled by these faults indicating that they formed conduits for hydrothermal fluids 
during the Lufilian deformational event. 
The Enterprise area also contains at least three major low angle structures.  These are 
located along the basal unconformity between the Katangan Supergroup sedimentary sequence 
and the basement, and on either side of the polylithologic breccia.  The basal low angle structure 
appears in the Enterprise area to cut off the earlier northeast-trending normal faults and locally 
cut into basement rocks.  Reactivation of similar faults could be responsible for the basement 
over Katangan Supergroup rocks observed in the Lumwana deposit area of the Mwombezhi 
Dome to the east (Cosi et al., 1992; Bernau, 2007). Mineral lineations developed along low angle 
structures at the base of the Katangan Supergroup sequence on the eastern edge of the Kabompo 
Dome indicate generally north- or south-directed movement (D. Wood, pers. comm., 2012).  It is 
currently unclear whether these low angle structures represent compressive thrusts (e.g. Cosi et 
al., 1992) or extensional slides (D. Wood, pers. comm., 2012).  Significant additional work is 
required at Enterprise and elsewhere around the Kabompo Dome to resolve their genesis.  
 The Enterprise area contains northwest-trending normal to strike-slip faults that cut both 
the early northeast-trending normal faults and the low angle faults.  While the current 
understanding of the geology at Enterprise suggests these faults were not important for 
mineralization, a similar trending fault system at the Sentinel deposit (Kalumbila fault zone) 
clearly controls the distribution of nickel (Steven and Armstrong, 2003).  In addition, talc 
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alteration with anomalous nickel values is present along the Kalumbila fault and other similarly 
oriented structures throughout the eastern edge of the Kabompo Dome suggesting that these 
faults may have been active prior to or during Lufilian orogenesis (S. Halley, pers. comm., 
2013); the currently observed northwest-trending faults may represent late reactivation of earlier 
formed structures. 
 Regional geophysical data and geological mapping suggests that both the northeast- and 
northwest trending normal faults have been reactivated in the Cenozoic in response to extension 
related to East African rifting. 
 
8.2 Lufilian Metamorphism, Metasomatism, and Mineralization 
The Pan-African Lufilian orogeny (~590 – 500 Ma; Cosi et al., 1992; Coward and Daly, 
1984; Porada and Berhorst, 1998, 2000; John et al., 2004) resulted in heterogeneous 
metamorphism within the Central African Copperbelt.  Rocks in the North-Western Province of 
Zambia have the highest-grade metamorphic assemblages within the Copperbelt and locally 
contain garnet- and/or kyanite-bearing assemblages (Cosi et al., 1992; Broughton et al., 2002).  
Peak metamorphic conditions in the Domes region have been defined by talc-kyanite-quartz-
tourmaline-hematite-rutile assemblages at the contact between the basement and the Katangan 
Supergroup sedimentary sequence at the Solwezi Dome and biotite-quartz-plagioclase-kyanite-
garnet assemblages within basement rocks of the Kabompo and Mwombezhi domes (John et al., 
2004).  Peak metamorphism is dated at ~530 Ma regionally (John et al., 2004) and suggested to 
be ~546 Ma around the Kabompo Dome (Steven and Armstrong, 2003).  
Rocks throughout the Enterprise area display metamorphic fabrics.  However, rocks 
within the Mwashya Subgroup and the Nguba Group display phyllitic to semi-schist textures 
while those lower in the Katangan Supergroup sequence and the basement have well developed 
schistose textures.  At Enterprise rocks on either side of the contact between the basement and 
the Katangan Supergroup sequence display a talc-kyanite-quartz-tourmaline-hematite-rutile 
assemblage similar to that observed by John et al. (2004) on the edge of the Solwezi Dome.   
Kyanite and talc appear to be have formed regionally within the Domes region along the 
basement-Katangan Supergroup contact.  At Enterprise the metamorphic mineral assemblage in 
both the basement rocks and the Katangan Supergroup rocks changes with distance from the 
contact.  An assemblage of biotite, quartz, muscovite, calcic plagioclase, potassium feldspar, and 
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epidote in basement rocks spatially removed from the contact is replaced first by an assemblage 
lacking muscovite and containing kyanite and chlorite.  This grades into an assemblage with 
phlogopite rather than biotite and finally an assemblage immediately adjacent to the contact with 
kyanite, talc, Mg-chlorite, quartz, and rutile.  Locally along the contact kyanite is largely 
replaced by a talc-(Mg-chlorite-rutile) assemblage. 
Within the Katangan Supergroup sequence muscovite within the basal metasedimentary 
rocks is replaced by kyanite, and talc progressively increases towards the contact.  Enterprise 
appears unique in the eastern Kabompo Dome area in having a kyanite-talc assemblage present 
for hundreds of meters above contact with the basement rocks.  While rocks along the basement-
Katangan Supergroup contact are well foliated, rocks above the contact within the Enterprise 
sequence commonly display randomly oriented kyanite and kyanite in irregular veins that cut 
metamorphic foliation.   
The heterogeneity in the distribution and textures of metamorphic minerals throughout 
the section at Enterprise, together with the intergrowth of metamorphic minerals with sulfides, 
suggests that the rocks at Enterprise underwent metasomatism in addition to metamorphism.  
Cross-cutting relationships suggest metasomatism occurred post peak metamorphism.  However, 
geochronology of metamorphic and sulfide minerals indicates they were formed close in time 
(~540-546 Ma). 
Metasomatism at Enterprise appears to have included destruction of hematite, 
silicification of meta-carbonate rocks, and magnesian alteration that resulted in the growth of 
talc, Mg-chlorite, and magnesite, and sulfide precipitation.  Metasomatic effects are observed 
within all rock types within the Enterprise Graben Sequence.  Meta-siltstones which are most 
common near the base of the sequence contain abundant kyanite, talc, and dolomite; hematite 
was destroyed in these rocks in and adjacent to the graben (Figure 8.1).  The meta-carbonate 
rocks in the Enterprise Graben Sequence were probably originally clean and highly argillaceous 
limestones and dolostones.  The intimate association of meta-carbonate rocks with quartz-rich 
rocks within the Enterprise Graben Sequence, together with petrographic evidence indicating 
progressive silicification of meta-carbonate rocks, suggests that the majority of the quartz-rich 
rocks represent highly silicified argillaceous carbonate rocks.  Mafic igneous rocks within the 
Enterprise Graben Sequence appear to have initially been metamorphosed to a typical 
greenschist assemblage (actinolite-albite-scapolite-biotite/phlogopite-chlorite) and were then 
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subjected to magnesian alteration that resulted in development of extensive chlorite.  Locally 
they were silicified. 
 
 
Figure 8.1:  Cross section through the Main Zone of the Enterprise deposit with outlined 
hematite-rich, silicified, and talc-rich zones.  Areas of silicification (dotted magenta) correlate 
with Ni-sulfide zones.  Talc appears to overprint silicified and hematite-rich metasediments 
along graben-bounding faults.   
 
Sulfide precipitation post-dated silicification of the wallrocks.  Mineralization at 
Enterprise resulted in precipitation of replacive disseminated and massive iron, nickel, and 
nickel-iron sulfides within quartz-rich rocks as well as precipitation of sulfides within quartz-
kyanite-dolomite veins.  Mineralization appears to have occurred in two stages (Ni-Fe and Fe-
Ni-Mo).  Sulfides in both stages replaced quartz and pyrite in the wallrocks.  The early period of 
Ni-Fe mineralization resulted in the formation of both vaeiste- and millerite-rich assemblages.  
The vaesite-rich assemblage occurs primarily in vuggy rocks and vaesite locally forms euhedral 
crystals growing into the vugs.   The vugs were produced by dissolution of quartz and probably 
kyanite.  The second period of mineralization produced a Fe-Ni-Mo assemblage dominated by 
bravoite which formed by replacement of previously deposited sulfides as well as wallrock 
quartz and kyanite.  Quartz-kyanite-sulfide veins are common within mineralized zones.  
Sulfides in these veins both overgrow and replace vein quartz and kyanite. There are also late 
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kyanite veins that post-date sulfide mineralization.  
The growth of kyanite prior to, during, and after sulfide precipitation suggests that 
elevated P/T conditions were present at Enterprise throughout mineralization event.  Pre-
mineralization kyanite generally grew along a well-defined foliation while kyanite in veins 
formed during and after the sulfide event is commonly randomly oriented. The quartz-kyanite-
sulfide veins at Enterprise are highly irregular in shape and do not appear to have a preferred 
orientation.  Sulfides at Enterprise are not obviously deformed and do not display a foliated 
texture.  These textural relationships suggest that a different stress regime was in place at 
Enterprise, at least in the area that was mineralized, during the period of mineralization relative 
to that present during earlier metamorphism.  The formation and preservation of open cavities 
during the mineralization event at Enterprise is difficult to reconcile with the high-pressure 
environment presumed to be required for the growth of kyanite. 
The P/T conditions at the time of metasomatism and mineralization at Enterprise are 
unclear.  The presence of kyanite intergrown with sulfides suggests elevated P/T conditions.  
However, sulfide-bearing veins with kyanite and phlogopite are recognized cutting low grade to 
almost unmetamorphosed rocks in the Congolese Copperbelt (Lefebvre and Patterson, 1982).  
Zimba (2012) in a study of fluid inclusions in quartz from the quartz-kyanite-sulfide veins at 
Enterprise found that fluid inclusions could not be used as accurate geothermometers due to 
extensive post trapping modification of fluid inclusions, the decrepitation of fluid inclusions 
during heating, and the large spread of observed ThLV. However, utilization of the composition 
of the fluids in the inclusions from laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) allowed estimation of formation temperatures of between 300-600°C based on the 
K/Na geothermometer and the NaCl dissolution temperatures (Zimba, 2012).  He suggested, 
based on thermodynamic calculations, that a reduction in water activity on dehydration reactions 
caused by the presence of hypersaline brines could have extended the stability fields of talc and 
kyanite allowing for their growth in both the wallrocks and veins. 
Magnesian alteration post-dated much of the silicification.  However, the age relationship 
between magnesian alteration and sulfide mineralization is not well understood. Talc and late 
chlorite clearly cut sulfides in well-mineralized zones.  However, talc and Mg-chlorite may have 




The metasomatic (alteration)/mineralization events at Enterprise are generally similar to 
those observed in the copper deposits of the Congolese Copperbelt.  In this district there was 
early carbonate (principally magnesite, at least at Kolwezi) crystal growth in carbonate and 
argillaceous carbonate lithologies and formation of Mg-chlorite in more argillaceous lithologies.  
This was followed by silicification of the host rocks and then precipitation of fine-grained, 
generally disseminated sulfides with quartz and dolomite.  Coarse-grained disseminated and 
vein-controlled dolomite, quartz, and sulfides were formed in a late event (Oosterbosch, 1951; 
Bartholomé et al., 1972; Hoy, 1989; Dewaele et al., 2006; El Desouky et al., 2009, 2010; Fay 
and Barton, 2012). 
 
8.3 Hydrothermal Nickel Deposits 
 Most of the world’s nickel comes from either deposits associated with mafic or 
ultramafic rocks in which nickel was concentrated by sulfide-rich melts (Arndt et al., 2005; 
Barnes and Lightfoot, 2005) or lateritic nickel deposits formed from weathering of an ultramafic 
protolith (Elias, 2002; Gleeson et al., 2003; Freyssinet et al., 2005).  Mobilization of nickel due 
to hydrothermal alteration of magmatic nickel deposits has been recognized for some time and 
trace element abundances, specifically iridium, have been utilized to discriminate between 
magmatic and hydrothermal nickel deposits (Keays, et al., 1982).  Hydrothermal migration of 
nickel not directly related to magmatic sulfides appears to have formed the so-called five-
element (Ni-Co-As-Ag-Bi) veins (Kissin, et al., 1992).  In these deposits the nickel generally 
resides in Ni-Co arsenides.  Interest in additional processes of hydrothermal nickel migration 
(González-Álvarez et al., 2013) has recently been stimulated by the discovery of the Avebury 
nickel deposit in Tasmania (29 Mt of 0.9% Ni), which appears to have been formed by 
hydrothermal alteration and nickel migration in ophiolitic rocks (Keays and Jowitt, 2013).   
Although nickel is an abundant element in the crust (~47 ppm; González-Álvarez et al., 
2013), significant nickel deposits are uncommon in sedimentary rocks.  Nickel is known to be 
enriched in black shales (Vine and Tourtelot, 1970).  Very large tonnages (>1.5 Bt of 0.22% Ni) 
of nickel-, copper-, zinc-, and manganese-rich black shale spatially associated with 
hydrothermally altered mafic and ultramafic rocks are recognized in the Outokumpu region of 
Finland (Loukola-Ruskeeniemi, 2013). Nickel in this metamorphosed deposit occurs primarily 
within pentlandite ((Fe, Ni)9S8) and pyrrhotite.  
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Early Cambrian black shales in south China (Xu et al., 2013) and Devonian black shales 
in the Yukon of Canada (Hulbert et al., 1992; Orberger et al., 2003) locally contain >1% Ni in 
addition to high amounts of Mo, PGE, and Zn in thin (<10 cm) organic rich, phosphatic shale 
horizons that can be traced for kilometers along strike.  The nickel in these deposits occurs 
primarily in nickeliferous pyrite (bravoite) and vaesite with minor millerite, pentlandite, and 
violarite (FeNi2S4).  While there is debate whether the metals in these black shales were derived 
from scavenging of seawater or from submarine hydrothermal fluids (Xu et al., 2013), it is clear 
that these metal-rich sediments represent extremely starved sediment conditions in an anoxic 
basin.  
Nickel is uncommon in sedimentary rock-hosted stratiform copper deposits.  The organic 
rich Kupferschiefer black shale in Germany and Poland is locally enriched in nickel with much 
of it apparently present in nickeliferous pyrite (bravoite) and pentlandite (Püttmann et al., 1991).  
It is unclear whether the nickel in the Kupferschiefer deposits was sourced from the same fluids 
that delivered copper, silver, lead, and zinc or was scavenged from seawater by the high organic 
content of the sediments (Greenwood et al., 2013). 
Nickel is generally uncommon in the copper-(cobalt) deposits of the Central African 
Copperbelt (Selley et al., 2005) though a number of deposits contain very minor nickel sulfides, 
dominantly millerite and vaesite, in late, albite-dolomite veins (M. Hitzman, pers. comm., 2012).  
An exception is the Sentinel (Kalumbila) deposit several kilometers east of Enterprise, which 
was cited to have ~3Mt of 0.67% Ni (Steven and Armstrong, 2003) with the nickel hosted 
primarily in pentlandite, violarite, and siegenite (CoNi2S4).  More recent work by First Quantum 
Minerals Ltd. has demonstrated that the Sentinel copper deposit is generally nickel-poor with 
significant nickel grades occurring only along the northwest-trending Kalumbila fault on the 
eastern edge of the deposit and along subsidiary, very low displacement, apparently 
northwesterly-trending faults within the deposit (D. Wood, pers. comm., 2013).  The paragenetic 
sequence of copper and nickel mineralization at Sentinel has not been defined though the 
geological relationships suggest that nickel introduction postdates the majority of copper 
mineralization. 
 Nickel is also present in significant amounts in some of the unconformity uranium 
deposits, particularly those in the Athabasca Basin of Canada (Jefferson et al., 2007) where it 
occurs in bravoite, nickeline (NiAs), gersdorffite (NiAsS), and within Ni-Bi minerals.  Although 
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the genesis of these deposits remains controversial, it is clear that they are hydrothermal deposits.  
No significant mafic or ultramafic rocks occur in close proximity to the deposits. 
Significant nickel was also present in the Shinkolobwe and Swambo uranium deposits in 
the southern DRC to the north of the Domes region.  The polymetalic (U-Ni-[Co-Cu]) 
Shinkolobwe deposit (11°13’S, 26°40’E) 130 km northwest of Lubumbashi was a major uranium 
producer in the mid-20th century.  It is hosted within highly brecciated Mines Subgroup 
carbonate and siliciclastic sediments along the margin of a major diapiric breccia within the 
middle of the Katangan Basin.  Studies on the geology of the deposit from the 1950s (Derriks 
and Vaes, 1956) are difficult to interpret in terms of the presently known basin history.  Nickel 
and cobalt sulfides at Shinkolobwe occurred within the zone of uranium mineralization and 
extended along structures beyond the uranium zone. The Ni:Co ratio of the sulfides was high 
(3:1) in the uranium ore zone and decreased to approximately 1:3 outwards (Derriks and Vaes, 
1956).  The Shinkolobwe ores, like many of the nickel-rich black shales, are phosphorous rich 
containing significant monazite and apatite. 
Nickel at Shinkolobwe occurs primarily as vaesite (Shinkolobwe is the type mineral 
locality) with minor millerite in the uranium ore zone and siegenite outboard from the area of 
uranium mineralization.  The nickel sulfides are commonly intergrown with dolomite.  
Chloritization is the dominant form of hydrothermal alteration described from the Shinkolobwe 
deposit but it is difficult to tell from available data if it was directly associated with nickel sulfide 
precipitation.  Fluid inclusion studies of quartz, magnesite, and dolomite at Shinkolobwe yielded 
homogenization temperatures of ~200°C for highly saline fluids (Ngonogo, 1975); it is difficult, 
however, to relate the fluid inclusions analyzed in the study to specific paragenetic stages of 
mineralization.  
The small Swambo uranium deposit (11°5’S, 26°, 10’E) located between Shinkolobwe 
and Kolwezi also contained nickel sulfides.  The deposit is also located within brecciated rocks 
of the Mines Subgroup adjacent to a diapiric breccia (Derriks and Oosterbosch, 1958).  The 
deposit consisted of several mineralized veins.  
Nickel at Shinkolobwe and Swambo, as well as in the unconformity uranium deposits and 
the five-element deposits, is generally paragenetically later than uranium.  At Shinkolobwe early 
precipitation of replacive magnesite was followed by deposition of uraninite.  This was followed 
by precipitation of pyrite, molybdenite, and monazite.  Nickel-cobalt sulfides were deposited 
100 
 
next with vaesite and minor millerite most common in the uranium ore zone and siegenite more 
common outboard from the area of uranium mineralization.  There was a late period of minor 
chalcopyrite precipitation.  At Swambo paragenetically early uraninite is overprinted by pyrite 
and monazite that replaced carbonate wall rocks and were precipitated within dolomite veins.  
Pyrite mineralization was associated with hematization, silicification, chloritization of the host 
rocks. Nickel and cobalt were introduced following pyrite mineralization. Nickel occurs in both 
vaesite and siegenite.  As at Shinkolobwe, chalcopyrite appears to have been precipitated late in 
the mineralizing sequence. 
 
8.4 Enterprise Ni Deposit 
The Enterprise deposit shares similarities with the Shinkolobwe and Swambo deposits.  
Nickel mineral assemblages are similar at all the deposits with vaesite being a major nickel-
bearing phase.  Millerite appears to be more common at Enterprise than Shinkolobwe.  Bravoite 
is a major nickel phase at Enterprise but appears uncommon at Shinkolobwe and Swambo.  The 
mineral zonation observed at Shinkolobwe from vaesite-millerite in an apparently proximal 
position outboard to siegenite has not been demonstrated at Enterprise. Though siegenite has not 
been reported from Enterprise, modest enrichments in cobalt indicated by assays suggest it may 
be present.  It appears there is a temporal pattern at Enterprise from early vaesite-millerite to 
later arsenic- and possibly cobalt-rich minerals.  
Though the exact protoliths of the host rocks at Enterprise remain unclear, it is probable 
that they were organic rich, weakly argillaceous limestones or dolomites that were intensively 
silicified and replaced by kyanite during a complex metamorphic/metasomatic event.  Nickel 
mineralization at Enterprise is spatially associated with silicification as at Swambo.  Like the 
Shinkolobwe and Swambo deposits, the Enterprise deposit is broadly associated with a 
magnesian alteration event that produced chlorite and talc. The general style and paragenetic 
sequence of alteration and mineralization at Enterprise is similar to that recognized in the copper-
cobalt deposits within the Mines Subgroup of the Congolese Copperbelt (Dewaele et al., 2006; 
El Desouky et al., 2010; Hitzman et al., 2012) though it obviously occurred at elevated pressure 
(and probably temperature) conditions relative to the DRC copper deposits. 
 The nickel-rich metal suite (Ni, Fe >> Cu, Co (absence of As, U, PGE, Au)) of the 
Enterprise deposit sets it apart from almost all other known hydrothermal nickel deposits.  
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Unlike Shinkolobwe, the unconformity-related uranium deposits, and the five-metal veins the 
Enterprise deposit contains no uranium.  Enterprise also lacks significant arsenic and cobalt, 
differentiating it from the five-metal veins.  The ore at Enterprise contains little copper or cobalt 
relative to other Central African Copperbelt deposits.  Multi-element analyses of highly 
mineralized samples from Enterprise indicate the ore does not contain significant PGEs or gold, 
though minor silver is present (D. Wood, pers. comm., 2012).  
 The Enterprise deposit occurs within rocks of the Lower Roan or Mines subgroups, 
similar to the majority of copper-(cobalt) deposits of the Central African Copperbelt. Like many 
of the deposits in the Central African Copperbelt the Enterprise deposit appears to be 
fundamentally controlled by redox reactions with highly organic-rich meta-sedimentary rocks 
providing a powerful reductant.  Interestingly, sulfides are most abundant in silicified rocks 
adjacent to highly organic material rich rocks rather than in the most organic rich rocks 
themselves.  This relationship is similar to that observed in the copper-cobalt deposits hosted in 
the Mines Subgroup of the Congolese Copperbelt where highly carbonaceous R.S.F. unit rocks 
are much more weakly mineralized than mildly carbonaceous, but highly silicified R.S.F. unit 
rocks (D. Broughton, pers. comm., 2010). 
 The ultimate reasons for Enterprise containing almost exclusively nickel and lacking 
significant copper, cobalt, and uranium relative to other deposits in the Central African 
Copperbelt remain unclear.  It is unlikely that the organic material within the deposit was the key 
control.  Abundant migrated hydrocarbons have been recognized at Mufulira copper-cobalt 
deposit in the Zambian Copperbelt (Annels, 1979) and in the Kipushi Cu-Zn deposit immediately 
north of the Zambian Copperbelt (Heijlen et al., 2008).  The high P/T conditions during deposit 
formation may also have been a critical feature.   
 Like the source of the cobalt in many of the deposits in the Central African Copperbelt, 
the source of nickel at Enterprise is problematic. As noted by Selley et al. (2005), a mafic rock 
source for Co, and Cu and Pb, in the Zambian Copperbelt is not supported by lead isotope data 
(Sweeney et al., 1991; Richards et al., 1988).  However, it is hard to imagine significant nickel 
not being ultimately derived from mafic magmatic rocks. The high concentrations of cobalt in 
the Copperbelt, particularly in areas containing abundant gabbroic bodies (Annels, 1974, 1984, 
1989; Annels and Simmonds, 1984) are highly suggestive of metal derivation from mafic rocks.  
Although significant volumes of highly altered mafic rocks are present at Enterprise, simple 
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mass balance calculations indicate they would not be sufficient to provide all of the nickel 
contained in the deposit.  Alteration of larger volumes of mafic intrusive rocks at depth beneath 





CHAPTER 9  
CONCLUSIONS 
 
 The Enterprise nickel deposit represents a new style of hydrothermal nickel sulfide 
deposit and is located along the westernmost basement inlier the Domes region of northwestern 
Zambia.  The deposit is hosted in Neoproterozoic metasediments of the Katangan Supergroup.  
Roan Group sedimentation is controlled by early northeast-trending normal faults.  Basement 
quartz-biotite schists are overlain by a fining-upward sequence of hematitic meta-sandstones and 
-siltstones.  Syn-sedimentary faulting locally allowed for the deposition of Enterprise Graben 
Sequence rocks that are now composed of interlayered meatcarbonates, quartz-rich rocks, and 
carbonaceous quartz-rich rocks.  Mafic rocks are abundant within Enterprise Graben Sequence 
rocks, and are also present in adjacent basal siliciclastic sequence rocks and Upper Roan 
Subgroup rocks.  Overlying Upper Roan Subgroup meta-carbonate rocks developed low angle 
structures along the margins of former evaporite beds.  These low angle structures formed during 
Lufilian deformation and cut off northeast-trending faults.  Late steeply dipping, northwest-
trending faults cut earlier structures.  These faults are likely normal faults that formed during 
Katangan sedimentation that were reactivated, perhaps during East African rifting.   
 Metamorphism and metasomatism of the metasedimentary rocks at Enterprise was 
focused within the basal siliciclastic sequence and the Enterprise Graben Sequence.  
Metamorphic assemblages included muscovite and probably biotite, followed a quartz-kyanite 
assemblage.  Later magnesian metasomatism resulted in the destruction of earlier textures and 
assemblages.  Late albite-carbonate-apatite assemblages are observed throughout the sequence.  
Upper Roan Subgroup rocks lack significant kyanite, talc, and Mg-chlorite.  Heterogeneity of the 
metamorphic mineral distribution at Enterprise suggests the area underwent metasomatism in 
addition to metamorphism.  Carbon and oxygen isotopic analysis indicates a weak trend toward 
lighter values in response to alteration, however it is evident that metasomatism of the area did 
not involve a significant volume of externally-derived fluids.   
 Nickel sulfides occur predominatly in dark-grey quartz-rich rocks within the Enterprise 
Graben Sequence.  An early millerite-vaesite-coarse pyrite assemblage forms disseminations, 
semi-massive replacements, and in quartz-rich vugs.  This assembage is cut and overprinted by a 
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later millerite-bravoite-molybdenite assemblage that forms semi-massive replacements and in 
quartz-kyanite veins.  A small zone of copper sulfides underlies the Main Zone at Enterprise, but 
does not appear to be related to nickel sulfide precipitation.  Sulfur isotopic analyses indicate that 
thermochemical sulfate reduction (TSR) of Neoproterozoic seawater sulfate was the primary 
sulfur source for the Enterprise deposit.  Re-Os dating yielded a 540.6 + 1.8 Ma age date for 
nickel sulfide mineralization.  This age is roughly equivalent to published age dates 
corresponding to Lufilian peak metamorphism in the area.  Kyanite in sulfide-bearing veins 
indicates sulfides formed in elevated P/T conditions, though it is unclear if they are related to 
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APPENDIX A  
CROSS SECTION THROUGH THE ENTERPRISE DEPOSIT AREA 
 
 





Figure A-2:  Map of the Enterprise area showing drill hole names and locations 
 
 





Figure A-4:  Cross section B-B' 
 
 





Figure A-6:  Cross section D-D' 
 




Figure A-8:  Cross section F-F' 
 
 





Figure A-10:  Cross section H-H' 
 
 




Figure A-12:  Cross section J-J' 
 
 





Figure A-14:  Cross section L-L' 
 





APPENDIX B  
WHOLE ROCK AND TRACE ELEMENT GEOCHEMICAL DATA 
 
 Thirty-two samples were collected and sent to ALS Laboratory in Johannesburg, South 
Africa for whole rock geochemical analysis.  Samples included altered mafic rocks, Enterprise 
Graben Sequence meta-carbonate, carbonaceous, and quartz-rich rocks, and basal siliciclastic 
sequence meta-sedimentary rocks.  Mafic rocks were selected from two drillholes and are 
representative of their occurrence in each stratigraphic sequence in Enterprise area.  Meta-
carbonate rocks from within the Enterprise Graben Sequence sampled included altered 
metacarbonate rocks and carbonate rocks occurring along the margins of altered mafic rocks.   
 Samples were pulverized and 0.2g of the sample were combined with 0.9g of litium 
metaborate/ lithium tetraborate flux and then heated to 1000°C.  After cooling, the samples 
underwent a four acid digestion with perchloric , nitric, hydrofluoric, and hydrochloric acids.  
Analysis was by inductively coupled plasma - atomic emission spectroscopy (ICP-AES). Further 
information on preparation methods is available from the  ALS Global website: 
http://www.alsglobal.com/en/OurServices/Minerals/Geochemistry/Capabilities/~/link.aspx?_id=
9E011F041FF84D6FAC0FE84D203E5F42&_z=z.  Table B-1 contains sample locations, 
descriptions, and whole-rock geochemical results.  Whole-rock concentrations are given in oxide 
percentages.  Elemental concentrations of base metals and trace elements are reported in parts 








Table B-1:  ICP-MS and ICP-AES whole rock and trace element results 
 
Sample Host Lithology Stratigraphic Unit Description SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 SrO BaO C S Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd Pr Rb




Lower Roan - Enterprise 
Graben Sequence
carbonaceous quartz-rich rock with 
banding parallel quartz-kyanite veinlets




Lower Roan - Enterprise 
Graben Sequence
Laminated quartz-kyanite-Mg chlorite 
rock
78.9 15.3 0.55 0.2 1.08 0.05 0.36 0.02 1.25 0 0.11 0 0 0.07 0.21 27.9 4.6 170 0.1 1.5 2.17 0.11 34.4 0.65 10.6 0.49 2.1 0.66 20.2 1.6 0.44 10.8
ENT87, 93.3m
altered mafic (clast in 
poly bxa)
Upper Roan Subgroup
Bladed actinolite-chlorite altered mafic 
clast in polylithic breccia
37.2 0.61 3.5 19.8 20.7 0.17 0.08 0 0.03 0.06 0.02 0.01 0 5.28 0.01 10 5.6 30 0.05 2.17 1.48 0.29 2.3 1.53 1 0.48 1.8 0.22 1 3.1 0.67 1.2
ENT87, 115m




altered mafic clast in polylithic breccia
26.8 5.55 6.72 16.85 20.4 0.75 1.72 0.01 0.29 0.05 0.04 0.01 0.01 5.72 0 56.7 18.5 50 1.19 6.34 4.69 1.49 12 4.46 2.1 1.45 4.6 0.75 3.3 10.9 2.23 56
ENT87, 118m
altered mafic (clast in 
poly bxa)
Upper Roan Subgroup
Bladed actinolite-chlorite-biotite altered 
mafic rock





Lower Roan - Enterprise 
Graben Sequence
Foliated carbonaceous calcite-
phlogopite marble with disseminated 
pyrrhotite
5.05 1.06 1.03 49.7 2.58 0.01 0.35 0 0.07 0.13 0.03 0.05 0 11.6 0.31 21.5 6.4 30 0.15 0.61 0.34 0.36 1.5 0.68 0.6 0.12 2.7 0.04 1.2 3.2 0.74 12.1
ENT87, 189.9m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Blotchy dolomite-quartz-plagioclase-
phlogopite altered mafic rock
48.1 5.11 5.32 10.45 14.9 0.74 2.05 0.01 0.26 0.07 0 0.01 0.01 3.09 0.02 56.1 19.3 70 1.33 15.7 11.8 1.17 20.9 7.58 2.8 3.65 8.6 1.69 3.7 9.8 2.25 98.2
ENT87, 195.5m altered mafic
Lower Roan - Enterprise 
Graben Sequence
banded, dolomite-biotite-actinolite-
chlorite altered mafic rock
16 5.14 7.7 21 17.85 0.32 2.31 0 0.37 0.11 0.34 0.01 0.05 7.93 0.97 383 33.7 40 1.74 8.66 6.88 1.05 14.5 6.48 2 2.03 12.3 1.59 17.1 17.1 3.96 105.5
ENT87, 212.8m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Bladed actinolite-chlorite-dolomite 
altered mafic rock with coarse, 
intergrown, euhderal magnetite crystals
13.4 4.28 59.4 2.74 10.9 0.1 0.98 0.01 0.29 0.06 0.03 0 0.02 1.4 0 131.5 75.1 100 1.18 1.45 0.4 1.15 63.6 3.39 1.3 0.19 29.6 0.06 4.9 28.2 7.55 27.3
ENT87, 258m graben carbonate




29.3 0.77 1.34 0.13 39.9 0.07 0.01 0 0.05 0.06 0.05 0 0 7.54 0.4 3 300 30 0.01 5.11 1.98 2.94 7.5 10.7 0.4 0.85 133.5 0.22 1.5 115.5 32.4 0.5
ENT87, 262m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Fine-grained actinolite-chlorite-
magnetite altered mafic rock
37.8 12.6 18.8 0.32 20.6 0.85 0.3 0.01 0.56 0.01 0.11 0 0 0.05 0.02 16.7 370 130 0.48 26.8 13.7 16 57.5 35.2 4.5 5.23 183.5 1.45 7.7 253 63 10.2
ENT87, 266.5m altered mafic





50.4 13.2 13.05 0.85 11.75 1.88 4.97 0.01 0.64 0.01 0.12 0.01 0.03 0.02 0.01 233 24.7 130 4.36 2.17 1.01 1.04 28.9 2.61 5.6 0.39 12.4 0.15 10.6 10.7 2.73 154.5
ENT87_269.9 graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Bladed actinolite rock 56.8 2.94 3.93 11.8 22.4 0.5 0.06 0.01 0.19 0.04 0.02 0 0 0.08 0.42 13.7 16.9 70 0.01 6.45 3.55 2.11 18.5 7.56 1.1 1.25 3.8 0.42 1.8 26.4 4.44 0.6
ENT87, 274.1m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Coarse-grained, blotchy Fe Dolomite-
phlogopite-talc altered mafic rock with 
disseminated pyrite
32.2 6.15 13.15 7.2 18.2 0.09 3.52 0.01 0.37 0.03 0.17 0 0.01 2.05 8.76 86.3 53.4 110 2.16 5.15 3.08 1.04 32.2 5.48 3.2 1.1 21.9 0.46 7.3 25.6 6.42 148
ENT87, 293.4m graben carbonate





44.3 11.15 3.16 1.77 25.3 1.34 2.1 0.01 0.53 0.02 0.11 0 0.01 0.76 0.02 90.3 942 100 3.09 17.5 4.41 12.6 86.4 38.9 4.1 2.4 390 0.25 10.7 356 96 84.3
ENT87, 311.1m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Blotchy, coarsely crystalline actinolite-
biotite-carbonate(-chlorite)(-epidote) 
altered mafic rock
47 10.7 3.47 4.42 22.3 0.72 4.9 0.01 0.68 0.04 0.1 0 0.02 1.05 0.02 186.5 6.8 60 4.02 6.25 3.96 0.81 69 4.78 4.7 1.3 2.3 0.58 13.8 6.8 1.24 175
ENT87, 318.5m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Fine-grained actinolite-carbonate-
kyanite(-quartz) rock with disseminated 
pyrite
51.1 9.83 4.93 8.85 15.35 2.27 0.21 0.01 0.73 0.03 0.08 0.01 0 0.22 3 12.3 26.5 80 0.45 7.48 4.38 1.84 44.5 8.2 5.8 1.5 12.5 0.59 24.9 27.2 5.6 3.8
ENT137, 156.4m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Banded, actinolite-chlorite-biotite-Fe 
calcite altered mafic rock
39.1 10.75 7.68 4.89 20.6 0.26 5.38 0.01 0.7 0.04 0.18 0.02 0.04 1.95 0.05 369 1040 50 5.04 14.75 5.22 8.37 37.6 28.5 3.6 2.29 483 0.59 10.8 303 92.4 213
ENT137, 170.5m altered mafic 
Lower Roan - Enterprise 
Graben Sequence
Fine-grained chloritic rock with sparse 
coarse blades of biotite and actinolite
46.5 13.75 6.76 6.21 17.55 1.84 3.08 0.01 0.66 0.05 0.1 0.01 0.03 0.46 0.04 233 541 80 3.08 27.7 18.8 7.7 91.7 23.5 4.8 6.12 214 2.67 9.2 153 46.6 122
ENT137, 174.3m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Blotchy dolomite-phlogopite-Mg chlorite 
graben carbonate with cross-cutting 
talc-phlogopite veinlets
18.4 5.96 2.48 3.11 35.3 0.31 2.21 0 0.34 0.07 0.05 0 0.01 8.3 0 126 23.5 40 2.02 4.42 4 0.42 21.3 2.22 1.6 1.19 9.1 0.64 1.9 7.4 2.16 75.9
ENT137_180.3 altered mafic





50.9 5.86 4.26 9.4 22.3 0.78 1.36 0.01 0.36 0.06 0.22 0.01 0.01 0.29 0.01 65.7 26.8 70 1.09 22.4 14.25 2.46 27.5 14.7 3.8 4.74 7.5 2 5.5 19.9 3.87 58.2
ENT137, 191.5m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Massive, fine-grained phlogopite rock 
with white carbonate overprinting
41 13.85 6.1 0.4 22.2 0.66 7.67 0.01 0.99 0.02 0.3 0 0.04 0.02 0 307 15.3 80 4.41 1.65 0.87 0.34 49.7 1.84 4.7 0.31 5.6 0.14 16.1 7.5 1.91 334
ENT137, 204.5m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Banded Mg chlorite-Fe-chlorite-
phlogopite-talc altered mafic rock with 
interstitial Fe calcite along fractures 
47.6 12.55 6.47 0.39 19.7 0.74 3.21 0.01 0.6 0.01 0.11 0.01 0.02 0.01 0.01 271 108 120 3.91 3.12 1.39 2.34 35.8 4.66 5.5 0.54 48.4 0.2 14.5 35.8 10.65 144.5
ENT137, 208.9m altered mafic  
Lower Roan - Basal 
Siliciclastic Sequence
Blotchy talc-altered biotite-chlorite 
mafic rock
52.9 14.6 3.87 2.73 13.4 4.12 0.8 0.02 0.7 0.01 0.14 0.02 0.01 0.1 0.07 63.9 50.7 120 1.01 2.13 1.16 1.17 12.4 2.18 4.2 0.43 21.4 0.22 46 14.4 4.46 26.9
ENT137, 218m basal talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Fine-grained specular hematite-kyanite-
quartz-kyanite basal meta-siltstone 
with irregular "stockwork" talc-
carbonate(-albite) veinlets 
63.3 14.35 15.85 0.73 1.92 2.73 0.52 0.02 0.86 0 0.11 0.01 0 0.02 0.01 34.9 826 110 0.31 6.13 2.15 8.55 22.2 13.25 9.7 0.95 358 0.3 6.2 231 71.3 10.9
ENT12, 390.2m basal quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Banded, granular quartz-kyanite meta-
sandstone
68.1 17.8 0.49 0.21 11.75 0.05 0.02 0.02 0.78 0 0.22 0 0 0.01 0 3 28.1 120 0.01 1.12 0.67 0.61 14.8 1.23 4.5 0.23 18.8 0.14 11.1 9.2 2.94 0.2
ENT103, 273.15m basal talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Banded talc-rich meta-siltstone with 
alternating dark specular hematite-rich 
and light talc-rich bands
59.2 15.2 2.88 0.23 14.95 3.66 0.14 0.02 0.76 0 0.09 0 0 0.02 0 4.9 31.7 110 0.05 0.75 0.52 0.44 6.4 0.89 5 0.16 17.3 0.15 12.5 9.3 2.98 1.4
ENT103, 365.7m basal quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Fine-grained, granular talc-rich meta-
sandstone 
76.9 10.65 0.58 0.04 10.6 0.07 0.05 0.01 0.31 0 0.05 0 0 0.01 0 3.3 2.5 50 0.04 0.1 0.12 0.04 1.7 0.12 6.8 0.03 1.4 0.05 4.6 0.7 0.23 1.5
ENT10, 93.3m
altered mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fine-grained, massive chloritic altered 
mafic rock with overprinting scapolite 
along fractures and biotite 
porphyroblasts




Lower Roan - Enterprise 
Graben Sequence
carbonaceous quartz-rich rock with 
banding parallel quartz-kyanite 
veinlets; minor pyrite in some veinlets
67.3 13.65 5.03 0.08 0.46 0.02 0.02 0.02 1.13 0 0.08 0 0 11.75 3.79 3 44.6 150 0.06 2.7 2 0.27 92.4 2.77 4.9 0.62 18.9 0.44 20.7 14.8 4.11 0.4
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Table B-1:  cont'd  
 
Sample Host Lithology Stratigraphic Unit Description Sm Sn Sr Ta Tb Th Tl Tm U V W Y Yb Zr As Bi Hg Sb Se Te LOI Total Ag Cd Co Cu Mo Ni Pb Sc Zn




Lower Roan - Enterprise 
Graben Sequence
carbonaceous quartz-rich rock with 
banding parallel quartz-kyanite veinlets




Lower Roan - Enterprise 
Graben Sequence
Laminated quartz-kyanite-Mg chlorite 
rock
0.34 0 6.4 1.5 0.16 2.1 0 0.44 3.76 1270 8 15.4 3.4 390 0.3 0.02 0 0.07 1.8 0.17 1.92 99.74 0 0 10 8 4 447 0 6 5
ENT87, 93.3m
altered mafic (clast in 
poly bxa)
Upper Roan Subgroup
Bladed actinolite-chlorite altered mafic 
clast in polylithic breccia
1 0 60.5 0.1 0.29 0.28 0 0.24 0.21 42 0 12.1 1.49 40 0 0 0 0 0.3 0.04 19.75 101.93 0 0 5 39 6 36 0 3 7
ENT87, 115m




altered mafic clast in polylithic breccia
3.37 4 69.5 0.3 0.87 5.93 0 0.75 0.18 129 0 38.7 5.04 80 0 0.01 0.006 0 0.5 0 22.5 101.7 0 0 6 4 1 60 0 25 11
ENT87, 118m
altered mafic (clast in 
poly bxa)
Upper Roan Subgroup
Bladed actinolite-chlorite-biotite altered 
mafic rock





Lower Roan - Enterprise 
Graben Sequence
Foliated carbonaceous calcite-
phlogopite marble with disseminated 
pyrrhotite
0.69 0 439 0.1 0.1 0.29 0 0.06 1.59 17 0 3.2 0.28 20 0 0.01 0.009 0.12 0.5 0.02 40.5 100.56 0 0 1 9 1 5 0 1 0
ENT87, 189.9m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Blotchy dolomite-quartz-plagioclase-
phlogopite altered mafic rock
3.72 1 56.6 0.3 1.91 0.37 0 1.8 1.15 287 0 87 11.55 100 0 0.01 0.005 0 0.6 0 12.3 99.33 0 0 13 4 1 704 0 32 9
ENT87, 195.5m altered mafic
Lower Roan - Enterprise 
Graben Sequence
banded, dolomite-biotite-actinolite-
chlorite altered mafic rock
4.59 0 97.9 1.3 1.2 12.4 0 1.14 4.47 48 0 51.8 8.57 70 0 0.01 0.041 0 22.3 0.53 28.2 99.4 0 0 38 598 1510 597 2 9 7
ENT87, 212.8m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Bladed actinolite-chlorite-dolomite 
altered mafic rock with coarse, 
intergrown, euhderal magnetite crystals
5.39 51 40.7 0.4 0.37 18 0 0.07 0.71 1075 0 4.2 0.3 50 0.2 0.01 0.009 0 0.2 0.02 5.9 98.11 0 1.8 0 0 2 58 4 6 27
ENT87, 258m graben carbonate




16.6 0 2.2 0.1 1.16 1.77 0 0.27 2.23 244 0 16.7 1.57 0 0.2 0.01 0 0 3.5 0.04 30 101.68 0 0 20 33 5 3970 0 7 4
ENT87, 262m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Fine-grained actinolite-chlorite-
magnetite altered mafic rock
42.7 3 19.4 0.7 4.72 14.15 0 1.76 0.95 53 0 97 10.3 160 0 0 0 0 0.3 0.01 8.56 100.52 0 0 7 0 1 1120 0 13 7
ENT87, 266.5m altered mafic





2.47 3 51 0.9 0.39 15.3 0 0.16 0.73 55 0 8.8 0.9 200 0.5 0 0.008 0 0.4 0.01 1.49 98.41 0 0 13 0 0 544 0 14 7
ENT87_269.9 graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Bladed actinolite rock 8.6 2 8.2 0.2 1.11 1.19 0 0.52 0.39 161 0 27.3 3.06 40 0.3 0.04 0 0 1.2 0.08 3.24 101.93 0 0 39 3 1 165 0 7 4
ENT87, 274.1m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Coarse-grained, blotchy Fe Dolomite-
phlogopite-talc altered mafic rock with 
disseminated pyrite
5.74 1 27.5 0.8 0.84 12.35 0 0.47 5.13 275 0 22.4 2.99 120 1.1 0.02 0.009 0 28.4 2.55 10.2 91.3 0 0 452 4140 0 4180 16 29 10
ENT87, 293.4m graben carbonate





59.3 1 22.3 0.8 4.16 10.5 0 0.41 4.82 602 0 46.1 1.88 140 0 0 0 0 0.4 0.01 8.58 98.38 0 0 18 14 1 1625 3 18 12
ENT87, 311.1m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Blotchy, coarsely crystalline actinolite-
biotite-carbonate(-chlorite)(-epidote) 
altered mafic rock
3.18 1 35.3 0.9 0.92 0.32 0 0.62 0.58 911 0 31.1 3.94 180 0 0.03 0 0 0.4 0.01 6.7 101.06 0 0 13 5 1 881 0 35 16
ENT87, 318.5m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Fine-grained actinolite-carbonate-
kyanite(-quartz) rock with disseminated 
pyrite
8.53 2 66.7 1.7 1.26 0.84 0 0.66 1.54 151 0 32.4 4.2 210 1 0.15 0 0.06 1.8 0.05 5.54 98.94 0 0 230 8 2 160 2 14 9
ENT137, 156.4m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Banded, actinolite-chlorite-biotite-Fe 
calcite altered mafic rock
43.4 1 167 0.9 3.28 13.45 0 0.69 10.05 358 0 49.7 3.85 130 0.9 0 0.007 0 11.9 1.02 9.99 99.64 0 0 33 12 1 2500 2 10 7
ENT137, 170.5m altered mafic 
Lower Roan - Enterprise 
Graben Sequence
Fine-grained chloritic rock with sparse 
coarse blades of biotite and actinolite
25.5 10 100 0.5 4.03 9.33 0 2.83 1.87 459 0 138.5 17.8 170 0 0.01 0 0 0.8 0.01 5.23 101.78 0 0 18 5 1 807 0 35 22
ENT137, 174.3m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Blotchy dolomite-phlogopite-Mg chlorite 
graben carbonate with cross-cutting 
talc-phlogopite veinlets
1.47 0 38.1 0.1 0.49 1.45 0 0.63 1.13 1030 0 34.4 4.13 50 0 0.01 0.005 0 0.3 0.01 31.7 99.94 0 0 5 3 1 639 2 31 10
ENT137_180.3 altered mafic





9.41 2 60.9 0.5 3.1 0.72 0 2.19 1.5 429 0 109 14.1 120 0 0.01 0 0 0.4 0 4.42 99.95 0 0 20 7 1 617 0 84 14
ENT137, 191.5m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
Massive, fine-grained phlogopite rock 
with white carbonate overprinting
1.76 0 11.7 1 0.29 3.42 0.5 0.13 3.77 355 0 7.9 0.83 180 0 0 0 0 0.5 0.01 2.62 95.86 0 0 39 0 5 837 0 3 14
ENT137, 204.5m altered mafic
Lower Roan - Enterprise 
Graben Sequence
Banded Mg chlorite-Fe-chlorite-
phlogopite-talc altered mafic rock with 
interstitial Fe calcite along fractures 
6.05 2 95.8 1.2 0.61 5.09 0.5 0.2 1.19 143 0 11.8 1.18 190 0.2 0 0 0 0.8 0.01 6.8 98.22 0 0 12 0 1 661 0 13 5
ENT137, 208.9m altered mafic  
Lower Roan - Basal 
Siliciclastic Sequence
Blotchy talc-altered biotite-chlorite 
mafic rock
2.38 1 169 0.9 0.36 3.47 0 0.2 0.48 32 2 9.9 1.14 140 0.4 0 0 0 0.2 0 5.15 98.47 0 0 4 1 0 428 0 5 2
ENT137, 218m basal talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Fine-grained specular hematite-kyanite-
quartz-kyanite basal meta-siltstone 
with irregular "stockwork" talc-
carbonate(-albite) veinlets 
30.2 3 80.5 0.8 1.34 7.52 0 0.3 0.97 105 0 19.3 1.75 370 0.2 0 0 0 0.3 0.01 1.35 101.75 0 0 1 7 0 117 2 5 0
ENT12, 390.2m basal quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Banded, granular quartz-kyanite meta-
sandstone
1.5 1 7.4 0.8 0.19 2.56 0 0.12 0.17 60 0 5.2 0.76 150 0.6 0 0 0 0 0 2.33 101.77 0 0 2 1 1 192 0 2 2
ENT103, 273.15m basal talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Banded talc-rich meta-siltstone with 
alternating dark specular hematite-rich 
and light talc-rich bands
1.19 1 22.9 0.9 0.12 9.72 0 0.1 0.19 20 1 4.4 0.71 170 0.3 0 0 0 0 0 3.77 100.9 0 0 1 1 1 258 0 3 0
ENT103, 365.7m basal quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
Fine-grained, granular talc-rich meta-
sandstone 
0.12 1 5.1 0.4 0.01 1.12 0 0.03 0.19 9 0 0.8 0.21 260 0.1 0 0 0 0 0 2.59 101.85 0 0 1 1 1 125 0 1 0
ENT10, 93.3m
altered mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fine-grained, massive chloritic altered 
mafic rock with overprinting scapolite 
along fractures and biotite 
porphyroblasts




Lower Roan - Enterprise 
Graben Sequence
carbonaceous quartz-rich rock with 
banding parallel quartz-kyanite 
veinlets; minor pyrite in some veinlets
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Sample # Host Lithology Stratigraphic Unit Description
Resolution
(μm)
Quartz Kyanite Chlorite Talc Biotite Muscovite Plagioclase
K-
Feldspar









foliated quartz-biotite schist with albitic 
porphryoblasts













foliated quartz-biotite-kyanite schist with 
albitic porphyroblasts
15.0 39.7 7.9 5.2 1.4 30.5 0.9 11.0 1.1 0.0 0.1 1.1 0.0 0.0 0.3 0.9 0.0 tr 0.0 tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT55, 448m talc-rich schist  
adjacent to basement-
Katangan contact
talc-hematite-quartz(-kyanite) schist 15.0 43.1 3.4 7.3 36.4 0.0 tr 0.1 0.9 0.0 0.5 0.7 0.0 0.0 0.2 7.2 0.3 tr 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT03, 205m talc-rich schist  
adjacent to basement-
Katangan contact
talc-hematite-kyanite schist with coarse 
porphyroblasts of kyanite
15.0 9.2 32.8 6.3 38.6 0.2 0.2 5.5 0.4 0.0 0.0 0.0 0.0 1.4 1.3 2.7 1.0 0.3 0.0 tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT12, 348.5m quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
banded quartz-rich meta-sandstone with 
coarse kyanite porphyroblasts
30.0 65.0 17.6 1.4 12.9 0.2 0.1 tr 0.0 1.9 0.0 tr 0.0 0.0 0.3 0.5 tr tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT41, 169m quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
recrystallized quartz-albite-muscovite rock 15.0 57.0 0.7 1.1 tr 0.1 25.5 13.6 1.8 0.0 0.0 0.0 0.0 0.1 0.0 tr 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT55, 357.75m quartz-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
quartz-rich meta-sandstone with fine-grained 
kyanite
30.0 73.5 2.4 3.2 18.4 0.0 0.0 0.1 0.0 2.1 0.0 0.0 0.0 0.0 0.2 0.0 tr tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT12, 164.3m talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
talc-rich meta-siltstone with coarse kyanite-
albite porphyroblasts
15.0 5.3 15.4 2.6 47.3 1.4 0.1 20.4 0.0 2.8 0.0 0.1 0.0 0.0 1.4 3.2 tr 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT12, 464m talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
banded talc-rich meta-siltstone with 
alternating quartz-hematite-kyanite and talc-
kyanite bands
15.0 38.7 11.1 11.3 34.4 0.2 0.2 0.1 0.0 0.0 0.0 0.2 0.0 0.0 0.4 3.4 tr 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT14, 332.95m talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
banded talc-rich meta-siltstone with 
alternating quartz-hematite-kyanite and talc-
kyanite bands
15.0 13.6 13.7 11.5 51.4 0.1 tr 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.6 5.7 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT103, 198.6m talc-rich rock
Lower Roan - Basal 
Siliciclastic Sequence
hematite-quartz-talc-kyanite meta-sediment 
with coarse kyanite porphyroblasts




Lower Roan - Enterprise 
Graben Sequence
brecciated, vuggy quartz-kyanite-Mg chlorite 
rock with vaesite-milerite




Lower Roan - Enterprise 
Graben Sequence
quartz-kyanite vein cross-cutting laminated 
dark-grey quartz-rich rock; molybdenite-
millerite-pyrite forming in vein and 
groundmass




Lower Roan - Enterprise 
Graben Sequence
irregular quartz-kyanite and albite-apatite 
veins cross-cutting dark-grey quartz-rich rock




Lower Roan - Enterprise 
Graben Sequence
laminated quartz-kyanite-Mg chlorite rock 
with disseminated pyrite and millerite




Lower Roan - Enterprise 
Graben Sequence
Semi-massive millerite-pyrite overgrowing 
laminated quartz-kyanite-Mg chlorite rock




Lower Roan - Enterprise 
Graben Sequence
Semi-massive bravoite-pyrite-millerite 
overgrowing laminated quartz-kyanite-Mg 
chlorite rock




Lower Roan - Enterprise 
Graben Sequence
black, carbonaceous-quartz-kyanite rock with 
lamination parallel kyanite-quartz(-Mg 
chlorite) veinlets; pyrite in veins
15.0 69.8 19.5 4.6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 4.3 tr 0.0 0.0
ENT10, 185m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
coarsely crystalline calcite-phlogopite-quartz 
marble with pods of carbonaceous material-
quartz-muscovite-apatite
15.0 10.5 0.5 0.7 tr 5.4 2.8 2.5 0.0 0.0 0.0 5.6 0.0 70.6 0.1 0.0 0.3 tr 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0
ENT10, 255.8m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
blotchy magnesite-Mg chlorite-phlogopite 
rock
15.0 tr 0.0 10.8 3.8 18.4 0.0 0.0 0.0 0.0 0.3 8.2 58.0 0.0 0.2 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT87, 195.5m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
banded dolomite-phlogopite rock with clots 
of actinolite
30.0 2.2 0.0 0.9 1.2 23.5 0.0 0.6 0.0 0.0 4.0 62.4 0.0 0.2 tr 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 tr 0.1 0.1
ENT137, 175.7m graben carbonate
Lower Roan - Enterprise 
Graben Sequence
coarsely crystalline magnesite rock with 
alternating bands of phlogopite-talc
30.0 0.1 0.0 0.4 14.9 48.7 0.0 0.0 0.0 2.0 0.5 5.5 27.3 0.0 0.1 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT87, 189.9m altered mafic




30.0 30.2 0.0 0.6 1.5 7.8 0.2 15.0 0.0 0.0 18.6 26.0 0.0 0.0 0.0 0.0 tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 tr 0.0
ENT103, 133m ovoid rock Upper Roan Subgroup
rock composed of fine-grained albite-
scapolite ovoids with interstitial phlogopite-
chlorite-dolomite
15.0 8.8 0.3 4.4 0.5 14.4 4.3 53.8 3.0 4.4 0.0 3.0 0.0 0.5 0.8 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 tr 0.0 0.0 0.0
ENT103, 170.2m altered mafic




30.0 0.2 0.0 3.0 4.4 37.1 tr 0.3 tr 0.0 0.5 47.9 0.0 0.0 0.1 6.4 tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ENT131, 118.2m altered mafic Upper Roan Subgroup
Fine-grained chloritic rock with 
porphyroblasts of biotite and plagioclase-
scapolite




Figure C-1:  QEMSCAN® image and photomicrographs from ENT DD0012, 647.3m 
 
 




Figure C-3:  QEMSCAN® image and photomicrographs from ENT DD0055, 489.6m. 
 
 




Figure C-5:  QEMSCAN® image and photomicrographs from ENT DD0055, 448m 
 
 





Figure C-7:  QEMSCAN® image fxrom ENT DD0012, 348.5m. 
 
 





Figure C-9:  QEMSCAN® image from ENT DD0055, 357.75m 
 
 





Figure C-11:  QEMSCAN® image from ENT DD0012, 464m 
 





Figure C-13:  QEMSCAN® image from ENT DD0103, 198.6m 
 
 





Figure C-15:  QEMSCAN® image and photomicrographs from ENT DD0019, 141.3m 
 
 





Figure C-17:  QEMSCAN® image and photomicrographs from ENT DD0055, 133.2(a)m 
 
 





Figure C-19:  QEMSCAN® image and photomicrographs from ENT DD0084, 162.3m 
 
 















Figure C-23:  QEMSCAN® image and photomicrographs from ENT DD0087, 195.5m 
 
 





Figure C-25:  QEMSCAN® image and photomicrographs from ENT DD0087, 189.9m 
 
 





Figure C-27:  QEMSCAN® image and photomicrographs from ENT DD0103, 170.2m 
 
 






APPENDIX D  
CARBON AND OXYGEN ISOTOPIC DATA 
 
Seventy-two samples of carbonate minerals from the Enterprise area were analyzed for 
stable carbon and oxygen isotopic values (Table D-1). Carbonate species were identified through 
carbonate staining using Alizarin Red-s and potassium ferricyanide in a weak hydrochloric acid 
solution (Hitzman, 1999). 
Approximately 50-100 µg of sample was collected from by microdrilling with a dental 
drill. The weight and size of individual samples analyzed was dependent on the purity of the 
carbonate and mineralogy.  Analysis was conducted at Colorado School of Mines Stable Isotope 
Laboratory where each sample was quantitatively acidified in vacuum using 100% 
orthophosphoric acid at 90 °C in an on-line auto-sampler. Carbon dioxide created during the 
reaction was cryogenically purified and analyzed for stable carbon and oxygen isotopes 
simultaneously using a Micromass Isoprime stable isotope ratio mass spectrometer with 
traditional dual-inlet techniques. Calcium carbonate powder from Colorado Yule Marble (CYM) 
calibrated with the 93-NBS-18 and 93-NBS-19 standards from the National Institute of 
Standards and Technology was used to calibrate laboratory standard reference gas. δ13C and δ18O 
permil values were calculated using the Vienna Pee Dee Formation Belemnite (VPDB) 
international reference standard. δ17O abundance in all data was corrected using the equations of 
Craig (1957). Repeated analysis yielded precision of 0.07‰ for carbon and 0.09‰ for oxygen. 
The δ18O (VPDB) data was converted to δ18O (SMOW) using the Freidman and O’Neil (1977) 







Table D-1:  Enterprise δ13C and δ18O isotopic results 
 
Table D-1: cont'd 
Sample # Mineral Host Lithology Stratigraphic Unit Description δ13C (‰ VPDB) δ18O (‰SMOW)
ENT55, 148m Calcite







Albite Vein in Polylithic 
Bxa
Upper Roan Subgroup




Albite Vein in Polylithic 
Bxa
Upper Roan Subgroup











Albite Vein in Polylithic 
Bxa
Upper Roan Subgroup




Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Banded, calcite-altered chloritic 
mafic clast in polylithic breccia
0.1 16.8
ENT12, 80.65m Calcite
Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Calcite-altered chloritic mafic 
clast in polylithic breccia
0.1 17.5
ENT14, 127.5m Calcite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Calcite-altered chloritic altered 
mafic rock
-2.3 23.2
ENT19, 64.9m Dolomite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence




ENT55, 46.5m Calcite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Veinlets of calcite cross-cutting 
chloritic altered mafic rock 
located along the lower contact 
with polylithic breccia 
-1.7 27.1
ENT55, 66.2m Dolomite Altered Mafic




chlorite altered mafic rock with 
blotchy texture and vuggy 
carbonate
-2.0 16.9
ENT55, 167.3m Calcite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Bladed actinolite-chlorite rock 




















biotite altered mafic clast in 
polylithich breccia
-0.3 28.5
ENT84, 138m Calcite Altered Mafic




altered mafic rock interlayered 
with basal talc-rich rock
0.8 14.4
ENT87, 115m Fe-Dolomite




biotite altered mafic clast in 
polylithic breccia
0.5 16.9
ENT87, 274.1m Fe-Dolomite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarse-grained, blotchy Fe 
Dolomite-phlogopite-talc altered 
mafic rock with disseminated 
pyrite
-3.5 15.6
ENT98, 168.6m Siderite Altered Mafic




alteration front overprinting 
altered mafic rock located along 




Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fe Dolomite-chlorite altered 
mafic clast in polylithic breccia
0.3 13.1
ENT103, 150.7m Fe-Dolomite
Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fe Dolomite-scapolite alteration 
front overprinting fine-grained, 
massive chlorite altered mafic 
clast in polylithic breccia 
1.0 18.3
ENT131, 117.9m Fe-Dolomite
Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fe Dolomite-scapolite alteration 
front overprinting fine-grained, 
massive chlorite altered mafic 
clast in polylithic breccia 
0.1 14.1
ENT55, 229.2m Dolomite Altered Mafic 
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Dolomite alteration front 
overprinting bladed actinolite-













Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Calcite forming along margins of 
scapolite-albite ovoid rock after 
altered mafic rock in polylithic 
breccia 
-2.2 21.0
ENT12, 575.9m Siderite Basal Cgm
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite-talc-Mg chlorite (-




ENT41, 142.3m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite-chlorite vein cross-
cutting basal meta-sandstone
0.2 29.8
ENT98, 305.8m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
2cm-wide, Fe calcite vein cross-
cutting basal meta-sandstone
-0.9 21.5
ENT103, 342.3m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe-calcite vein cross-cutting 
basal meta-sandstone
-0.4 26.0
ENT103, 343m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite along fractures in 
irregular albite-quartz breccia 
located within basal meta-
sandstone
0.1 24.5
ENT137, 252.3m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence




ENT137, 278.9m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence




ENT03, 129.8m Dolomite Basal Talc-Rich Rock




cutting basal talc-rich meta-
siltstone
-1.4 22.8
ENT55, 261.1m Dolomite Basal Talc-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Dolo-albite vein cross-cutting 
basal talc-rich meta-siltstone
1.4 23.3
ENT103, 226m Siderite Basal Talc-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe Calcite infilling along 
fractures within quartz-albite-
kyanite vein cross-cutting basal 
talc-rich meta-siltstone
-1.1 23.2
ENT103, 306m Siderite Basal Talc-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite infilling along 
fractures within an albite-quartz-
hematite(-phlogopite) breccia in 
basal talc-rich meta-siltstone
-0.9 27.2
ENT55, 463.6m Siderite Basement? Basement
Irregular, Fe calcite-biotite 
veinlet cross-cutting quartz-
biotite schist (basement) near 
Katangan contact
0.1 25.1
ENT55, 482.3m Siderite Basement? Basement
Fe calcite-chlorite selvage on 
vuggy quartz-albite vein cross-
cutting talc-rich quartz-biotite 
schist (basement)
-0.8 23.7
ENT10, 45.1m Calcite Cal-Bio Marble Upper Roan Subgroup
calcareous biotite marble 
groundmass 
1.0 13.6
ENT103, 96.4m Calcite Cal-Bio Marble Upper Roan Subgroup
calcareous biotite marble 
groundmass
6.7 23.5
ENT131, 59.7m Calcite Cal-Bio Marble Upper Roan Subgroup







Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Magnesite(-talc) vein with blebs 


















Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline magnesite 
vein with disseminated Ni and 
Fe sulfides on the margin of 
dark-grey quartz-rich rock
-4.8 11.2
ENT55, 194.5m Fe-Dolomite FBX? Mwashya Subgroup
Brecciated Fe Dolomite-
phlogopite-talc clast in polylithic 
breccia
-0.3 13.3
ENT10, 198.8m Magnesite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline magnesite 




ENT10, 211.9m Magnesite Graben CO3
















kyanite-talc-Mg Chlorite rock 
with blebs of millerite and pyrite
-8.9 18.4
ENT19, 152.5m Dolomite Graben CO3



























dolomite/magnesite rock with Ni 
and Fe sulfide mineralization
-4.8 17.8
ENT19, 235.3m Dolomite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Fine-grained dolomite rock 
interlayered with mineralized 
dark-grey quartz-rich rock
-2.4 13.7
ENT19, 282.1m Magnesite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline magnesite 
rock with disseminated vaesite 











rock with coarse clots of 
phlogopite
1.6 17.4
ENT55, 76.4m Fe-dolomite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence











rock with foliation parallel 
veinlets of phlogopite and pyrite 
-3.9 16.5
ENT55, 172.5m Dolomite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline dolomite 














ENT137, 175.7m Dolomite Graben CO3






ENT10, 255.8m Magnesite Graben CO3










































Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
3cm-wide, Fe calcite vein cross-
cutting hematitic meta-siltstone
0.0 29.3




ENT12, 62.4m Calcite Mwashya, GCM Mwashya Subgroup Calcareous phyllite groundmass -2.2 25.8
ENT12, 81.5m Calcite Mwashya, GCM Mwashya Subgroup
Calcareous carbonaceous 
siltstone with disseminated 
pyrite
1.3 27.2
ENT55, 22.2m Dolomite Pink Marble Upper Roan Subgroup
Pink, coarsely crystalline, clean 
meta-dolostone
3.8 30.1
ENT84, 71.9m Calcite Pink Marble Upper Roan Subgroup
Pink, coarsely crystalline, clean 
meta-dolostone
3.1 25.7
ENT131, 159.9m Dolomite Pink Marble Upper Roan Subgroup
Pink, coarsely crystalline, clean 
meta-dolostone
3.8 28.8
ENT55, 35m Siderite Polylithic Breccia Upper Roan Subgroup
Fe calcite veinlet cross-cutting 
chloritic altered mafic clast in 
polylithic breccia
1.1 19.9
ENT103, 114m Calcite Polylithic Breccia Upper Roan Subgroup
Coarsely crystalline calcareous 
polylithic breccia groundmass
-1.0 16.3
ENT131, 69m Dolomite Polylithic Breccia Upper Roan Subgroup
Coarsely crystalline dolomitic 
polylithic breccia groundmass
20.0 1.4
ENT10, 71.2m Calcite Polylithic Bxa Upper Roan Subgroup
Coarsely crystalline calcareous 
polylithic breccia groundmass 
22.8 6.9
ENT12, 142.2m Fe-Dolomite Polylithic Bxa Upper Roan Subgroup
Coarsely crystalline dolomitic 
polylithic breccia groundmass
16.9 0.9
ENT55, 35m Dolomite Polylithic Bxa Upper Roan Subgroup
Coarsely crystalline Fe-dolomitic 
polylithic breccia groundmass
19.6 1.7
ENT55, 95.5m Calcite Talc-CO3 Schist






ENT55, 274.9m Dolomite Talc-CO3 Schist
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Banded, pearly talc-dolomite 
schist 
19.2 -0.4
ENT87, 342.4m Dolomite Talc-CO3 Schist
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Banded, pearly talc-dolomite 
schist 
22.8 -0.5
ENT87, 388.4m Dolomite Talc-CO3 Schist
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Massive, pearly talc-dolomite 
rock with disseminated pyrite
22.5 -8.7
ENT10, 398.2m Dolomite
Tal-Dol Alt Dark-Grey 
Quartz-Rich Rock








Tal-Dol Alt Dark-Grey 
Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Fine-grained talc-dolomite rock 
with disseminated Ni sulfides 
24.4 3.8
ENT131, 230.1m Dolomite
Tal-Dol Alt Dark-Grey 
Quartz-Rich Rock




altered dark-grey qtz-rich rock
21.3 -0.8
ENT87, 288m Fe-Dolomite Graben CO3













Sample # Mineral Host Lithology Stratigraphic Unit Description δ13C (‰ VPDB) δ18O (‰SMOW)
ENT55, 148m Calcite







Albite Vein in Polylithic 
Bxa
Upper Roan Subgroup




Albite Vein in Polylithic 
Bxa
Upper Roan Subgroup











Albite Vein in Polylithic 
Bxa
Upper Roan Subgroup




Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Banded, calcite-altered chloritic 
mafic clast in polylithic breccia
0.1 16.8
ENT12, 80.65m Calcite
Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Calcite-altered chloritic mafic 
clast in polylithic breccia
0.1 17.5
ENT14, 127.5m Calcite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Calcite-altered chloritic altered 
mafic rock
-2.3 23.2
ENT19, 64.9m Dolomite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence




ENT55, 46.5m Calcite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Veinlets of calcite cross-cutting 
chloritic altered mafic rock 
located along the lower contact 
with polylithic breccia 
-1.7 27.1
ENT55, 66.2m Dolomite Altered Mafic




chlorite altered mafic rock with 
blotchy texture and vuggy 
carbonate
-2.0 16.9
ENT55, 167.3m Calcite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Bladed actinolite-chlorite rock 




















biotite altered mafic clast in 
polylithich breccia
-0.3 28.5
ENT84, 138m Calcite Altered Mafic




altered mafic rock interlayered 
with basal talc-rich rock
0.8 14.4
ENT87, 115m Fe-Dolomite




biotite altered mafic clast in 
polylithic breccia
0.5 16.9
ENT87, 274.1m Fe-Dolomite Altered Mafic
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarse-grained, blotchy Fe 
Dolomite-phlogopite-talc altered 
mafic rock with disseminated 
pyrite
-3.5 15.6
ENT98, 168.6m Siderite Altered Mafic




alteration front overprinting 
altered mafic rock located along 




Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fe Dolomite-chlorite altered 
mafic clast in polylithic breccia
0.3 13.1
ENT103, 150.7m Fe-Dolomite
Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fe Dolomite-scapolite alteration 
front overprinting fine-grained, 
massive chlorite altered mafic 
clast in polylithic breccia 
1.0 18.3
ENT131, 117.9m Fe-Dolomite
Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Fe Dolomite-scapolite alteration 
front overprinting fine-grained, 
massive chlorite altered mafic 
clast in polylithic breccia 
0.1 14.1
ENT55, 229.2m Dolomite Altered Mafic 
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Dolomite alteration front 
overprinting bladed actinolite-













Altered Mafic (clast in 
poly bxa)
Upper Roan Subgroup
Calcite forming along margins of 
scapolite-albite ovoid rock after 
altered mafic rock in polylithic 
breccia 
-2.2 21.0
ENT12, 575.9m Siderite Basal Cgm
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite-talc-Mg chlorite (-




ENT41, 142.3m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite-chlorite vein cross-
cutting basal meta-sandstone
0.2 29.8
ENT98, 305.8m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
2cm-wide, Fe calcite vein cross-
cutting basal meta-sandstone
-0.9 21.5
ENT103, 342.3m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe-calcite vein cross-cutting 
basal meta-sandstone
-0.4 26.0
ENT103, 343m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite along fractures in 
irregular albite-quartz breccia 
located within basal meta-
sandstone
0.1 24.5
ENT137, 252.3m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence




ENT137, 278.9m Siderite Basal Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence




ENT03, 129.8m Dolomite Basal Talc-Rich Rock




cutting basal talc-rich meta-
siltstone
-1.4 22.8
ENT55, 261.1m Dolomite Basal Talc-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Dolo-albite vein cross-cutting 
basal talc-rich meta-siltstone
1.4 23.3
ENT103, 226m Siderite Basal Talc-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe Calcite infilling along 
fractures within quartz-albite-
kyanite vein cross-cutting basal 
talc-rich meta-siltstone
-1.1 23.2
ENT103, 306m Siderite Basal Talc-Rich Rock
Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
Fe calcite infilling along 
fractures within an albite-quartz-
hematite(-phlogopite) breccia in 
basal talc-rich meta-siltstone
-0.9 27.2
ENT55, 463.6m Siderite Basement? Basement
Irregular, Fe calcite-biotite 
veinlet cross-cutting quartz-
biotite schist (basement) near 
Katangan contact
0.1 25.1
ENT55, 482.3m Siderite Basement? Basement
Fe calcite-chlorite selvage on 
vuggy quartz-albite vein cross-
cutting talc-rich quartz-biotite 
schist (basement)
-0.8 23.7
ENT10, 45.1m Calcite Cal-Bio Marble Upper Roan Subgroup
calcareous biotite marble 
groundmass 
1.0 13.6
ENT103, 96.4m Calcite Cal-Bio Marble Upper Roan Subgroup
calcareous biotite marble 
groundmass
6.7 23.5
ENT131, 59.7m Calcite Cal-Bio Marble Upper Roan Subgroup







Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Magnesite(-talc) vein with blebs 


















Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline magnesite 
vein with disseminated Ni and 
Fe sulfides on the margin of 
dark-grey quartz-rich rock
-4.8 11.2
ENT55, 194.5m Fe-Dolomite FBX? Mwashya Subgroup
Brecciated Fe Dolomite-
phlogopite-talc clast in polylithic 
breccia
-0.3 13.3
ENT10, 198.8m Magnesite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline magnesite 




ENT10, 211.9m Magnesite Graben CO3
















kyanite-talc-Mg Chlorite rock 
with blebs of millerite and pyrite
-8.9 18.4
ENT19, 152.5m Dolomite Graben CO3



























dolomite/magnesite rock with Ni 
and Fe sulfide mineralization
-4.8 17.8
ENT19, 235.3m Dolomite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Fine-grained dolomite rock 
interlayered with mineralized 
dark-grey quartz-rich rock
-2.4 13.7
ENT19, 282.1m Magnesite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline magnesite 
rock with disseminated vaesite 











rock with coarse clots of 
phlogopite
1.6 17.4
ENT55, 76.4m Fe-dolomite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence











rock with foliation parallel 
veinlets of phlogopite and pyrite 
-3.9 16.5
ENT55, 172.5m Dolomite Graben CO3
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Coarsely crystalline dolomite 














ENT137, 175.7m Dolomite Graben CO3






ENT10, 255.8m Magnesite Graben CO3










































Lower Roan Subgroup - 
Enterprise Basal 
Siliciclastic Sequence
3cm-wide, Fe calcite vein cross-
cutting hematitic meta-siltstone
0.0 29.3




ENT12, 62.4m Calcite Mwashya, GCM Mwashya Subgroup Calcareous phyllite groundmass -2.2 25.8
ENT12, 81.5m Calcite Mwashya, GCM Mwashya Subgroup
Calcareous carbonaceous 
siltstone with disseminated 
pyrite
1.3 27.2
ENT55, 22.2m Dolomite Pink Marble Upper Roan Subgroup
Pink, coarsely crystalline, clean 
meta-dolostone
3.8 30.1
ENT84, 71.9m Calcite Pink Marble Upper Roan Subgroup
Pink, coarsely crystalline, clean 
meta-dolostone
3.1 25.7
ENT131, 159.9m Dolomite Pink Marble Upper Roan Subgroup
Pink, coarsely crystalline, clean 
meta-dolostone
3.8 28.8
ENT55, 35m Siderite Polylithic Breccia Upper Roan Subgroup
Fe calcite veinlet cross-cutting 
chloritic altered mafic clast in 
polylithic breccia
1.1 19.9
ENT103, 114m Calcite Polylithic Breccia Upper Roan Subgroup
Coarsely crystalline calcareous 
polylithic breccia groundmass
-1.0 16.3
ENT131, 69m Dolomite Polylithic Breccia Upper Roan Subgroup
Coarsely crystalline dolomitic 
polylithic breccia groundmass
20.0 1.4
ENT10, 71.2m Calcite Polylithic Bxa Upper Roan Subgroup
Coarsely crystalline calcareous 
polylithic breccia groundmass 
22.8 6.9
ENT12, 142.2m Fe-Dolomite Polylithic Bxa Upper Roan Subgroup
Coarsely crystalline dolomitic 
polylithic breccia groundmass
16.9 0.9
ENT55, 35m Dolomite Polylithic Bxa Upper Roan Subgroup
Coarsely crystalline Fe-dolomitic 
polylithic breccia groundmass
19.6 1.7
ENT55, 95.5m Calcite Talc-CO3 Schist






ENT55, 274.9m Dolomite Talc-CO3 Schist
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Banded, pearly talc-dolomite 
schist 
19.2 -0.4
ENT87, 342.4m Dolomite Talc-CO3 Schist
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Banded, pearly talc-dolomite 
schist 
22.8 -0.5
ENT87, 388.4m Dolomite Talc-CO3 Schist
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Massive, pearly talc-dolomite 
rock with disseminated pyrite
22.5 -8.7
ENT10, 398.2m Dolomite
Tal-Dol Alt Dark-Grey 
Quartz-Rich Rock








Tal-Dol Alt Dark-Grey 
Quartz-Rich Rock
Lower Roan Subgroup - 
Enterprise Graben 
Sequence
Fine-grained talc-dolomite rock 
with disseminated Ni sulfides 
24.4 3.8
ENT131, 230.1m Dolomite
Tal-Dol Alt Dark-Grey 
Quartz-Rich Rock




altered dark-grey qtz-rich rock
21.3 -0.8
ENT87, 288m Fe-Dolomite Graben CO3











APPENDIX E  
SULFUR ISOTOPIC DATA 
 
Ninety sulfide mineral separates from throughout the stratigraphic sequence at Enterprise 
were analyzed for sulfur isotopes to help constrain the genesis of the deposit.  Sulfides sampled 
included pyrite, bravoite (nickeliferous pyrite), pyrrhotite, chalcopyrite, bornite, millerite, 
vaesite, gersdorffite, and molybdenite. Approximately 30-100 µg of sulfide was collected by 
microdrilling. Each sample was combusted at 1050°C in a Eurovector 3000 elemental analyzer at 
the Colorado School of Mines Stable Isotope Laboratory. Sulfur dioxide generated through 
combustion was delivered to a Micromass Isoprime stable isotope ratio mass spectrometer in 
continuous flow mode in a stream of helium carrier gas. Isotope transient peaks of samples were 
compared to a laboratory standard sulfur dioxide reference gas calibrated against laboratory 
standard barium sulfate. Isotopic values are reported using the δ notation as a permil difference 
from the Canyon Diablo Trilobite (CDT) international reference (Beaudoin et al., 1994). 
Laboratory barium sulfate was calibrated to CDT through repeated measurement against NBS-
127 barium sulfate standard reference material from the National Institute of Standards and 
Technology. This method yielded precision of 0.01‰ determined from two blind duplicates of 













Sample # Mineral Host Unit Ore Zone Description Style δ34S




semi-massive replacement of dark-
grey quartz-rich rock
massive -1.34




semi-massive replacement of dark-
grey quartz-rich rock
massive 0.35




disseminated py in upper carbonate 
sequence; foliation not well-developed 
here
diss 3.34




cg bleb of py in coarsely crystalline 
groundmass of polylithic bxa
bleb 5.46




subhedral, diamond-shaped py grain in 
foliated groundmass of dolomite-Fechl
bleb 2.63




small blebs of py in albitized altered 
mafic rock
bleb 1.91
ENT10, 198.8m pyrite graben carbonate Main Ni
fg blebs of py disseminated in 














py within qtz-ky vein cross-cutting 




magnesite vein in dark-
grey quartz-rich rock
Main Ni
mil+py in qtz-ky vein cross-cutting 




pyrite (Ni?) graben carbonate Main Ni
vein with mil+py intergrown in 





millerite graben carbonate Main Ni
vein with mil+py intergrown in 




silicified talc-rich rock 
(siltstone)
Lower Ni






talc-CO3 alt dark-grey 
quartz-rich rock
Cu Zone






talc-CO3 alt dark-grey 
quartz-rich rock
Cu Zone








bleb of (magnetic) pyrrhotite in dk-
grey silty carbonate rock; rock 
contains sparse clasts; logged as 







bleb of (magnetic) pyrrhotite in dk-
grey silty carbonate rock; rock 
contains sparse clasts; logged as 







bleb of (magnetic) pyrrhotite in lt-grey 
silty carbonate rock; rock contains 
sparse clasts; logged as Grand Cong., 
may be Mwashya?
bleb 2.53
ENT14, 127.5m chalcopyrite graben carbonate Cu Zone
cpy intergrown with py in qtz vein 
cross-cutting white CO3 rock
diss 0.01
ENT14, 138.7m pyrite altered mafic rock
altered mafic 
rock
disseminated py in groundmass of CO3-
(phg>>>bio)-Mgchl
bleb 0.26
ENT19, 64.9m pyrite altered mafic rock
altered mafic 
rock
disseminated py in white dolo 
groundmass with sparse, green blades 







fg, black vaesite within vuggy, 
brecciated dark-grey quartz-rich rock.
diss -1.64




cg blebs of intergrown py and mil in 
laminated dark-grey quartz-rich rock
bleb 4.63




cg blebs of intergrown py and mil in 








minor, disseminated blebs of py within 









fg bleb of py within ky aggregate in 
well-laminated groundmass of dark-
grey quartz-rich rock
bleb 9.84




coarse blebs of intergrown mil-py(Ni?) 
in irregular qtz-ky veins cross-cutting 
CO3-rich rock adjacent to dark-grey 
quartz-rich rock
vein -0.25




coarse blebs of intergrown mil-py(Ni?) 
in irregular qtz-ky veins cross-cutting 
CO3-rich rock adjacent to dark-grey 
quartz-rich rock
vein 6.55
ENT19, 152.5m pyrite graben carbonate Main Ni
fg py blebs within white CO3 rock 
(vein or co3 replacement of dgqr 
rock?); pyrite blebs throughout
bleb 4.97




lamination parallel, disseminated py in 
dk-grey qtz-rich groundmass
diss 5.24
ENT19, 199m (A) pyrite graben carbonate Main Ni
coarse blebs of intergrown py-mil in 
dark brown rock composed primarily of 
phg; laminations of ky visible (maybe 
phg overprinting on dk-grey qtz-rich 
rock??)
bleb 2.37
ENT19, 199m (B) millerite graben carbonate Main Ni
coarse blebs of intergrown py-mil in 
dark brown rock composed primarily of 
phg; laminations of ky visible (maybe 





vaesite graben carbonate Main Ni
vein of vaesite with qtz-co3 cross 
cutting white-grey carbonate rock.  





pyrite (Ni?) graben carbonate Main Ni
vein of vaesite with qtz-co3 cross 
cutting white-grey carbonate rock.  






magnesite vein in dark-
grey quartz-rich rock
Main Ni
py and minor moly intergrown in qtz-






magnesite vein in dark-
grey quartz-rich rock
Main Ni
py and minor moly intergrown in qtz-





vaesite graben carbonate Lower Ni
blebs of dark grey sulfides (vaesite?) 
and cpy in tan,  banded rock.  Qtz-
rich with clots of blue ky.  Basal qtz-




pyrite graben carbonate Lower Ni
blebs of dark grey sulfides (vaesite?) 
and py in tan,  banded rock.  Qtz-rich 







bleb of py intergrown with ky (+qtz?) 




silicified talc-rich rock 
(siltstone)
Cu Zone
disseminated, irredescent bornite in 
laminated, silicified siltstone
bleb 3.6




bleb of py in green chl-co3 clast 
within polylithic breccia
bleb 1.75
ENT55, 57m (A) pyrite altered mafic rock
altered mafic 
rock
cg bleb of py in blotchy groundmass of 
dolo-act-Fechl
bleb 1.07
ENT55, 57m (B) pyrite altered mafic rock
altered mafic 
rock
cg bleb of py in blotchy groundmass of 
dolo-act-Fechl
bleb -0.14
ENT55, 67m pyrite graben carbonate Main Ni
py bleb in white-grey carbonate rock 







vfg black vaesite disseminated in 
brecciated matrix of "blasted" 
dark0grey quartz-rich rock.  
diss 4.59
ENT55, 104.2m pyrite graben carbonate Main Ni



















semi-massive replacement of dark-
grey quartz-rich rock
massive 4.16
ENT55, 145.2m pyrite graben carbonate Main Ni
disseminated blebs of py in white, CO3 
gm with minor phg-Mgchl-talc 
bleb 1.88
ENT55, 156.1m pyrite altered mafic rock
altered mafic 
rock
disseminated py in white CO3 (mgst?) 
rock with fg patches of phg and mgchl
diss -1.08
ENT55, 172.5m pyrite
magnesite vein in dark-
grey quartz-rich rock
Main Ni
blebs of py along margins of coarsely 
crystalline magnesite vein
vein -11.59
ENT55, 179m pyrite CO3-talc schist Main Ni





millerite graben carbonate Main Ni
coarsely intergrown sulfides in 





pyrite (Ni?) graben carbonate Main Ni
coarsely intergrown sulfides in 





Ni-Fe Sulfide graben carbonate Main Ni
coarsely intergrown sulfides in 





Ni-Fe Sulfide graben carbonate Main Ni
veins of silvery sulf (gersdorffite) 
intergrown with pyrite (Ni?) cross-
cutting dark brown phg-rich rock 





pyrite (Ni?) graben carbonate Main Ni
veins of silvery sulf (gersdorffite) 
intergrown with pyrite (Ni?) cross-
cutting dark brown phg-rich rock 
adjacent to white, more 
dolomitic/magnasitic rocks
vein -0.22
ENT55, 223m pyrite graben carbonate Lower Ni
py bleb in white-pink dolomitic rock; 
sparse flecks of phg
bleb 2.18
ENT55, 229.2m pyrite CO3-talc schist Lower Ni
fg bleb of py along the margin of 
coarse clot of talc within a white, 
pearly, poorly banded talc-co3 schist
bleb 4.73
ENT84, 138m pyrite graben carbonate Main Ni









semi-massive replacement of dark-
















coarse py blebs in phg-mgchl-ky-tal-
co3.  py appears to post-date ky, ky 





millerite graben carbonate Main Ni
coarse blebs of intergrown mil-py in 
groundmass of white CO3 (dolo?) with 





pyrite (Ni?) graben carbonate Main Ni
coarse blebs of intergrown mil-py in 
groundmass of white CO3 (dolo?) with 









semi-massive replacement of dark-









semi-massive replacement of dark-







vein of mil (highly tarnished, but prob 
with minor py) forming along the 
contact between dark-grey quartz-








vfg pyrrhotite disseminate in 
calcareous groundmass; few 
carbonaceous pods in this sample 
diss 7.46
ENT87, 273m pyrite altered mafic rock
altered mafic 
rock
blebs of py disseminated in dark-green 
groundmass of chl with some bladed 
actinolite and coarse grains of 
subhedral magnetite.  Blotchy to 
banded zones of black biotite 
intergrown with white CO3.
bleb 1.52
ENT87, 274.1m pyrite altered mafic rock
altered mafic 
rock
py blebs disseminated in black-brown 
groundmass of phg with clots of act; 
silvery Mg-chl overgrowing act in 
places; white dolo forms veins and 
clots
bleb 7.04
ENT87, 288m pyrite graben carbonate Lower Ni
py blebs in dolomite vein with minor 




ENT87, 303m pyrite graben carbonate Lower Ni
py intergrown in dolo-tal vein within 
grey-tan rock composed of tal-phg-ky 
with moderate amount of carbonate
vein 1.74
ENT87, 318.5m pyrite altered mafic rock
altered mafic 
rock
disseminated py in lt green rock 
composed of fg act-dolo-qtz(>)-ky 
(granular ky)
diss 16.05
ENT87, 342.4m pyrite CO3-talc schist Cu Zone
disseminated, lamination-parallel py in 





silicified talc-rich rock 
(siltstone)
Cu Zone







silicified talc-rich rock 
(siltstone)
Cu Zone
cpy rimming py blebs within tan-grey, 
talc-rich/hem-poor siltstone
bleb 2.2




fg py intergrown with ky in irregular, 







intergrown py(Ni?)-mil in semi-massive 
replacement of dark-grey quartz-rich 






intergrown py(Ni?)-mil in semi-massive 
replacement of dark-grey quartz-rich 
rock with cg V-mica
massive 3.62




blebs of py along grain boundaries in 





Main Ni py-ky-qtz veinlet in black "shale" vein 1.05
ENT120, 391.1m chalcopyrite
silicified talc-rich rock 
(siltstone)
Cu Zone
blebs of cpy disseminated throughout 
groundmass of silicified, laminated 
siltstone
bleb 2.74




disseminated py in dolomitic 
groundmass of polylithic breccia
diss 5.73
ENT131, 230.1m pyrite
talc-CO3 alt dark-grey 
quartz-rich rock
Main Ni









Sample # Mineral Host Unit Ore Zone Description Style δ34S




semi-massive replacement of dark-
grey quartz-rich rock
massive -1.34




semi-massive replacement of dark-
grey quartz-rich rock
massive 0.35




disseminated py in upper carbonate 
sequence; foliation not well-developed 
here
diss 3.34




cg bleb of py in coarsely crystalline 
groundmass of polylithic bxa
bleb 5.46




subhedral, diamond-shaped py grain in 
foliated groundmass of dolomite-Fechl
bleb 2.63




small blebs of py in albitized altered 
mafic rock
bleb 1.91
ENT10, 198.8m pyrite graben carbonate Main Ni
fg blebs of py disseminated in 














py within qtz-ky vein cross-cutting 




magnesite vein in dark-
grey quartz-rich rock
Main Ni
mil+py in qtz-ky vein cross-cutting 




pyrite (Ni?) graben carbonate Main Ni
vein with mil+py intergrown in 





millerite graben carbonate Main Ni
vein with mil+py intergrown in 




silicified talc-rich rock 
(siltstone)
Lower Ni






talc-CO3 alt dark-grey 
quartz-rich rock
Cu Zone






talc-CO3 alt dark-grey 
quartz-rich rock
Cu Zone








bleb of (magnetic) pyrrhotite in dk-
grey silty carbonate rock; rock 
contains sparse clasts; logged as 







bleb of (magnetic) pyrrhotite in dk-
grey silty carbonate rock; rock 
contains sparse clasts; logged as 







bleb of (magnetic) pyrrhotite in lt-grey 
silty carbonate rock; rock contains 
sparse clasts; logged as Grand Cong., 
may be Mwashya?
bleb 2.53
ENT14, 127.5m chalcopyrite graben carbonate Cu Zone
cpy intergrown with py in qtz vein 
cross-cutting white CO3 rock
diss 0.01
ENT14, 138.7m pyrite altered mafic rock
altered mafic 
rock
disseminated py in groundmass of CO3-
(phg>>>bio)-Mgchl
bleb 0.26
ENT19, 64.9m pyrite altered mafic rock
altered mafic 
rock
disseminated py in white dolo 
groundmass with sparse, green blades 







fg, black vaesite within vuggy, 
brecciated dark-grey quartz-rich rock.
diss -1.64




cg blebs of intergrown py and mil in 
laminated dark-grey quartz-rich rock
bleb 4.63




cg blebs of intergrown py and mil in 








minor, disseminated blebs of py within 









fg bleb of py within ky aggregate in 
well-laminated groundmass of dark-
grey quartz-rich rock
bleb 9.84




coarse blebs of intergrown mil-py(Ni?) 
in irregular qtz-ky veins cross-cutting 
CO3-rich rock adjacent to dark-grey 
quartz-rich rock
vein -0.25




coarse blebs of intergrown mil-py(Ni?) 
in irregular qtz-ky veins cross-cutting 
CO3-rich rock adjacent to dark-grey 
quartz-rich rock
vein 6.55
ENT19, 152.5m pyrite graben carbonate Main Ni
fg py blebs within white CO3 rock 
(vein or co3 replacement of dgqr 
rock?); pyrite blebs throughout
bleb 4.97




lamination parallel, disseminated py in 
dk-grey qtz-rich groundmass
diss 5.24
ENT19, 199m (A) pyrite graben carbonate Main Ni
coarse blebs of intergrown py-mil in 
dark brown rock composed primarily of 
phg; laminations of ky visible (maybe 
phg overprinting on dk-grey qtz-rich 
rock??)
bleb 2.37
ENT19, 199m (B) millerite graben carbonate Main Ni
coarse blebs of intergrown py-mil in 
dark brown rock composed primarily of 
phg; laminations of ky visible (maybe 





vaesite graben carbonate Main Ni
vein of vaesite with qtz-co3 cross 
cutting white-grey carbonate rock.  





pyrite (Ni?) graben carbonate Main Ni
vein of vaesite with qtz-co3 cross 
cutting white-grey carbonate rock.  






magnesite vein in dark-
grey quartz-rich rock
Main Ni
py and minor moly intergrown in qtz-






magnesite vein in dark-
grey quartz-rich rock
Main Ni
py and minor moly intergrown in qtz-





vaesite graben carbonate Lower Ni
blebs of dark grey sulfides (vaesite?) 
and cpy in tan,  banded rock.  Qtz-
rich with clots of blue ky.  Basal qtz-




pyrite graben carbonate Lower Ni
blebs of dark grey sulfides (vaesite?) 
and py in tan,  banded rock.  Qtz-rich 







bleb of py intergrown with ky (+qtz?) 




silicified talc-rich rock 
(siltstone)
Cu Zone
disseminated, irredescent bornite in 
laminated, silicified siltstone
bleb 3.6




bleb of py in green chl-co3 clast 
within polylithic breccia
bleb 1.75
ENT55, 57m (A) pyrite altered mafic rock
altered mafic 
rock
cg bleb of py in blotchy groundmass of 
dolo-act-Fechl
bleb 1.07
ENT55, 57m (B) pyrite altered mafic rock
altered mafic 
rock
cg bleb of py in blotchy groundmass of 
dolo-act-Fechl
bleb -0.14
ENT55, 67m pyrite graben carbonate Main Ni
py bleb in white-grey carbonate rock 







vfg black vaesite disseminated in 
brecciated matrix of "blasted" 
dark0grey quartz-rich rock.  
diss 4.59
ENT55, 104.2m pyrite graben carbonate Main Ni



















semi-massive replacement of dark-
grey quartz-rich rock
massive 4.16
ENT55, 145.2m pyrite graben carbonate Main Ni
disseminated blebs of py in white, CO3 
gm with minor phg-Mgchl-talc 
bleb 1.88
ENT55, 156.1m pyrite altered mafic rock
altered mafic 
rock
disseminated py in white CO3 (mgst?) 
rock with fg patches of phg and mgchl
diss -1.08
ENT55, 172.5m pyrite
magnesite vein in dark-
grey quartz-rich rock
Main Ni
blebs of py along margins of coarsely 
crystalline magnesite vein
vein -11.59
ENT55, 179m pyrite CO3-talc schist Main Ni





millerite graben carbonate Main Ni
coarsely intergrown sulfides in 





pyrite (Ni?) graben carbonate Main Ni
coarsely intergrown sulfides in 





Ni-Fe Sulfide graben carbonate Main Ni
coarsely intergrown sulfides in 





Ni-Fe Sulfide graben carbonate Main Ni
veins of silvery sulf (gersdorffite) 
intergrown with pyrite (Ni?) cross-
cutting dark brown phg-rich rock 





pyrite (Ni?) graben carbonate Main Ni
veins of silvery sulf (gersdorffite) 
intergrown with pyrite (Ni?) cross-
cutting dark brown phg-rich rock 
adjacent to white, more 
dolomitic/magnasitic rocks
vein -0.22
ENT55, 223m pyrite graben carbonate Lower Ni
py bleb in white-pink dolomitic rock; 
sparse flecks of phg
bleb 2.18
ENT55, 229.2m pyrite CO3-talc schist Lower Ni
fg bleb of py along the margin of 
coarse clot of talc within a white, 
pearly, poorly banded talc-co3 schist
bleb 4.73
ENT84, 138m pyrite graben carbonate Main Ni









semi-massive replacement of dark-
















coarse py blebs in phg-mgchl-ky-tal-
co3.  py appears to post-date ky, ky 





millerite graben carbonate Main Ni
coarse blebs of intergrown mil-py in 
groundmass of white CO3 (dolo?) with 





pyrite (Ni?) graben carbonate Main Ni
coarse blebs of intergrown mil-py in 
groundmass of white CO3 (dolo?) with 









semi-massive replacement of dark-









semi-massive replacement of dark-







vein of mil (highly tarnished, but prob 
with minor py) forming along the 
contact between dark-grey quartz-








vfg pyrrhotite disseminate in 
calcareous groundmass; few 
carbonaceous pods in this sample 
diss 7.46
ENT87, 273m pyrite altered mafic rock
altered mafic 
rock
blebs of py disseminated in dark-green 
groundmass of chl with some bladed 
actinolite and coarse grains of 
subhedral magnetite.  Blotchy to 
banded zones of black biotite 
intergrown with white CO3.
bleb 1.52
ENT87, 274.1m pyrite altered mafic rock
altered mafic 
rock
py blebs disseminated in black-brown 
groundmass of phg with clots of act; 
silvery Mg-chl overgrowing act in 
places; white dolo forms veins and 
clots
bleb 7.04
ENT87, 288m pyrite graben carbonate Lower Ni
py blebs in dolomite vein with minor 




ENT87, 303m pyrite graben carbonate Lower Ni
py intergrown in dolo-tal vein within 
grey-tan rock composed of tal-phg-ky 
with moderate amount of carbonate
vein 1.74
ENT87, 318.5m pyrite altered mafic rock
altered mafic 
rock
disseminated py in lt green rock 
composed of fg act-dolo-qtz(>)-ky 
(granular ky)
diss 16.05
ENT87, 342.4m pyrite CO3-talc schist Cu Zone
disseminated, lamination-parallel py in 





silicified talc-rich rock 
(siltstone)
Cu Zone







silicified talc-rich rock 
(siltstone)
Cu Zone
cpy rimming py blebs within tan-grey, 
talc-rich/hem-poor siltstone
bleb 2.2




fg py intergrown with ky in irregular, 







intergrown py(Ni?)-mil in semi-massive 
replacement of dark-grey quartz-rich 






intergrown py(Ni?)-mil in semi-massive 
replacement of dark-grey quartz-rich 
rock with cg V-mica
massive 3.62




blebs of py along grain boundaries in 





Main Ni py-ky-qtz veinlet in black "shale" vein 1.05
ENT120, 391.1m chalcopyrite
silicified talc-rich rock 
(siltstone)
Cu Zone
blebs of cpy disseminated throughout 
groundmass of silicified, laminated 
siltstone
bleb 2.74




disseminated py in dolomitic 
groundmass of polylithic breccia
diss 5.73
ENT131, 230.1m pyrite
talc-CO3 alt dark-grey 
quartz-rich rock
Main Ni






APPENDIX F  
CRUSH LEACH ANALYSIS 
 
 Nine sulfide samples of coarse sulfide samples of millerite, vaesite, pyrite, nickeliferous 
pyrite (bravoite), chalcopyrite, and bornite from Enterprise were carefully extracted from drill 
core samples and utilized for bulk crush-leach analysis of fluid inclusions.  The analyses were 
performed by Dr. Poul Emsbo of the United States Geological Survey in Denver, Colorado. 
Mass spectrometry of fluids inclusions provides data on the bromine, chlorine, potassium, 
sodium, and sulfate content of fluids within inclusions within the sulfides.  Ratios of ions, 
especially Cl/Br and Na/Br, are used to distinguish whether the majority of the fluids within the 
fluid inclusions were derived from residual brines from seawater evaporation or dissolved 
evaporites. Crush-leach analysis measures all fluid inclusions in a given sample.  Thus the results 
represent mixed values from primary, pseudosecondary, and secondary fluid inclusions. The 
results were compared with data from other deposits within the Central African Copperbelt 
(Figure F-1; P. Ensbo, pers. comm., 2013).  
The Cl/Br and Na/Br mole ratios for the Congolese écaille deposits plot in the center of a 
relatively small compositional field near the seawater evaporation line (Figure F-1).  The ore 
fluid that formed these deposits derived its salinity primarily from evaporatively concentrated 
seawater with little, or no, evidence of halite dissolution. The data indicate that these fluids had 
evolved beyond halite precipitation and approached MgSO4 and KCl saturation.  This is in 
accord with geologic evidence that indicates that these deposits are associated with significant 
magnesian alteration with less apparent potassic alteration (Hitzman et al., 2012).  Data from 
Zambian arenite-hosted ores at Chibuluma and Nchanga plot close to, or ‘below’ the seawater 
evaporation line, with a significant spread. This may reflect mixing of residual brine with either 
halite dissolution brine or less evolved fluid. The dominance of albite alteration at the Chibuluma 













Sulfide Style Na NH4 K Rb Mg Ca Sr Ba F Acet Cl Br NO3 SO4 PO4 S2O3
Coy Mine sph 15 standard 29.75 1.50 8.73 0.00 1.04 15.11 0.79 1.22 0.11 0.06 120.67 1.22 0.13 0.59 0.00 0.03
Coy Mine sph 18 standard 46.99 2.69 13.94 0.00 2.23 26.21 0.05 0.00 0.00 0.00 179.72 1.73 3.68 5.58 0.00 0.09
ENT 1 ENT10_206.5 py+mil vein 26.23 1.48 4.49 0.00 14.07 111.69 5.47 0.66 0.00 0.00 103.21 0.20 0.36 386.70 0.00 0.00
ENT 2 ENT10_398.2 cpy+bor+py blebby 24.03 1.11 7.18 0.00 3.23 9.52 0.59 0.00 0.05 0.13 70.37 0.42 0.09 30.89 0.00 0.00
ENT 3 ENT19_112.43 vaesite vein 1.23 0.81 2.41 0.00 3.15 2.11 0.24 0.00 0.05 0.02 3.13 0.02 0.04 41.73 0.00 0.19
ENT 4 ENT19_138 py+mil blebby 12.29 0.92 6.35 0.00 7.56 7.84 0.40 0.00 0.08 0.00 55.12 0.17 0.06 96.76 0.00 0.00
ENT 5 ENT19_203.7 vaesite blebby with pyrite 84.93 0.00 14.02 0.00 9.19 85.55 3.36 2.21 0.00 0.00 369.38 0.93 0.06 101.74 0.00 0.00
ENT 6 ENT19_282.1 vaesite blebby 13.51 0.00 1.60 0.00 0.67 1.17 0.00 0.00 0.03 0.00 29.41 0.06 0.05 14.17 0.00 0.14
ENT 8 ENT55_133.2 py+mil massive 69.29 3.46 7.54 0.00 10.90 20.95 0.16 0.13 0.00 0.00 140.49 0.13 0.06 215.40 0.00 0.25
ENT 9 ENT55_91.7 vaesite vein, fine-grained 2.89 0.10 1.94 0.00 2.24 4.33 0.25 0.00 0.00 0.00 7.94 0.01 0.00 62.52 0.00 0.98
ENT 10 ENT84_162.3 py+mil semi massive 4.09 0.12 2.93 0.00 2.74 6.37 0.08 0.15 0.01 0.12 44.53 0.26 0.12 73.82 0.00 0.00
ENT 11 ENT84_218.5 carrolite massive 18.80 0.87 12.71 0.00 5.53 29.68 0.23 0.66 0.01 0.01 168.32 0.59 0.06 49.54 0.00 0.00
ENT 12 ENT84_218.5 py+mil massive 279.70 0.00 41.46 0.00 21.89 230.92 11.37 4.34 0.00 0.00 1218.17 2.55 0.15 51.89 0.00 0.00
ENT 13 ENT84_221 py+mil vein 4.22 0.16 0.96 0.00 0.49 1.16 0.24 0.00 0.01 0.05 7.59 0.02 0.05 19.57 0.00 0.53
ENT 14 ENT87_388.4 pyrite bleb, rimmed by cpy 1.25 0.03 0.15 0.00 0.04 0.18 0.00 0.00 0.01 0.05 4.22 0.02 0.01 1.45 0.00 0.23
ENT 15 ENT87_388.4 cpy rim on py blebs 0.09 0.01 0.01 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.31 0.00 0.06 0.00 0.00
ENT 16 ENT120_167.3 py+mil massive 34.71 0.00 7.99 0.00 2.23 8.77 0.20 0.20 0.00 0.00 132.51 0.38 0.05 31.87 0.00 0.00




Sulfide Style Na NH4 K Rb Mg Ca Sr Ba F Acet Cl Br NO3 SO4 PO4 S2O3 I   Cats/Ans Cl/Br
Coy Mine sph 15 standard 0.380 0.024 0.066 0.000 0.013 0.111 0.003 0.003 0.002 0.000 1.000 0.004 0.001 0.002 0.000 0.000 0.000 0.72 223
Coy Mine sph 18 standard 0.403 0.029 0.070 0.000 0.018 0.129 0.000 0.000 0.000 0.000 1.000 0.004 0.012 0.011 0.000 0.000 0.000 0.77 234
ENT 1 ENT10_206.5 py+mil vein 0.392 0.028 0.039 0.000 0.199 0.957 0.021 0.002 0.000 0.000 1.000 0.001 0.002 1.383 0.000 0.000 0.000 0.75 1167
ENT 2 ENT10_398.2 cpy+bor+py blebby 0.527 0.031 0.092 0.000 0.067 0.120 0.003 0.000 0.001 0.001 1.000 0.003 0.001 0.162 0.000 0.000 0.000 0.77 376
ENT 3 ENT19_112.43 vaesite vein 0.607 0.507 0.697 0.000 1.466 0.596 0.030 0.000 0.030 0.005 1.000 0.002 0.008 4.919 0.000 0.019 0.000 0.55 445
ENT 4 ENT19_138 py+mil blebby 0.344 0.033 0.105 0.000 0.200 0.126 0.003 0.000 0.003 0.000 1.000 0.001 0.001 0.648 0.000 0.000 0.000 0.50 717
ENT 5 ENT19_203.7 vaesite blebby with pyrite 0.355 0.000 0.034 0.000 0.036 0.205 0.004 0.002 0.000 0.000 1.000 0.001 0.000 0.102 0.000 0.000 0.000 0.73 899
ENT 6 ENT19_282.1 vaesite blebby 0.709 0.000 0.049 0.000 0.033 0.035 0.000 0.000 0.002 0.000 1.000 0.001 0.001 0.178 0.000 0.001 0.000 0.66 1155
ENT 8 ENT55_133.2 py+mil massive 0.761 0.048 0.049 0.000 0.113 0.132 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.566 0.000 0.001 0.000 0.63 2382
ENT 9 ENT55_91.7 vaesite vein, fine-grained 0.561 0.026 0.221 0.000 0.411 0.482 0.013 0.000 0.000 0.000 1.000 0.001 0.000 2.906 0.000 0.039 0.000 0.38 1198
ENT 10 ENT84_162.3 py+mil semi massive 0.142 0.005 0.060 0.000 0.090 0.126 0.001 0.001 0.001 0.002 1.000 0.003 0.002 0.612 0.000 0.000 0.000 0.29 383
ENT 11 ENT84_218.5 carrolite massive 0.172 0.010 0.068 0.000 0.048 0.156 0.001 0.001 0.000 0.000 1.000 0.002 0.000 0.109 0.000 0.000 0.000 0.54 645
ENT 12 ENT84_218.5 py+mil massive 0.354 0.000 0.031 0.000 0.026 0.168 0.004 0.001 0.000 0.000 1.000 0.001 0.000 0.016 0.000 0.000 0.000 0.76 1076
ENT 13 ENT84_221 py+mil vein 0.858 0.042 0.114 0.000 0.094 0.135 0.013 0.000 0.002 0.004 1.000 0.001 0.004 0.952 0.000 0.022 0.000 0.51 788
ENT 14 ENT87_388.4 pyrite bleb, rimmed by cpy 0.455 0.012 0.032 0.000 0.012 0.037 0.000 0.000 0.006 0.007 1.000 0.002 0.002 0.127 0.000 0.017 0.000 0.46 444
ENT 15 ENT87_388.4 cpy rim on py blebs 0.465 0.032 0.015 0.000 0.000 0.083 0.000 0.000 0.078 0.000 1.000 0.006 0.065 0.000 0.000 0.000 0.54
ENT 16 ENT120_167.3 py+mil massive 0.404 0.000 0.055 0.000 0.025 0.059 0.001 0.000 0.000 0.000 1.000 0.001 0.000 0.089 0.000 0.000 0.000 0.53 778

























Figure F-1:  Figure F-1. Summary of fluid inclusion solute data from the Central African 
Copperbelt (P. Emsbo, pers. comm., 2013). A. Cl/Br and Na/Br molar ratios of fluid inclusion 
solutes from different deposit types. Black dashed arrow indicates the direction of Cl/Br and 
Na/Br molar ratio change in residual brines as seawater evaporates and precipitates evaporite 
minerals (after McCaffrey et al., 1987). Red dashed arrow shows a possible trajectory of residual 
brines during the 300 million year evolution of the Katangan basin system. B (inset) K/Na and 
Cl/Br molar ratios for the same deposits.  Black dashed arrow indicates the seawater evaporation 
trajectory (after McCaffrey et al., 1987). Solid arrow shows the calculated mixing trend between 
a highly evaporated residual brine and brine with a pure halite-dissolution composition.  Note the 
separation between the pre and syn/ post orogenic deposits, supporting the interpretation that 
early residual brines incorporated salt derived from the dissolved of intrabasinal halite during 
basin metamorphism and inversion.  Data is from P. Emsbo except for Kipushi, which is from 








Post-metamorphic deposits such as at Kansanshi and Kipushi, have Cl/Br and Na/Br 
signatures indicative of mixing of a highly residual brine end-member with fluids that interacted 
with or dissolved halite (Figure F-1).  Data from the Kipushi deposit record a dominant 
contribution from halite-dissolution brine (Heijlen et al., 2008). A similar trend is shown by 
analyses of dolomite at Shinkolobwe, and to a lesser extent the single analysis of dolomite 
cement from breccia in the Kolwezi district (P. Emsbo, pers comm., 2013). 
The results from Enterprise show that most fluids within the fluid inclusions in sulfides 
from the Enterprise deposit have Cl/Br ratios less than 500. One sample of mixed pyrite and 
millerite had a Cl/Br ratio of approximately 1000.  K/Na ratios of the samples range from <0.1 to 
approx 0.7.  These results plot is a field that represents an overlap between fluids derived from 
evaporation to produce residual brines and fluids related to dissolution of halite (Figure F-2).  
The three samples of copper sulfides from the stratigraphically low copper zone display 
relatively low K/Na ratios (<0.3). 
Many of the Enterprise samples plot in the same field as some samples of DRC stratiform 
copper deposits and some samples from post-peak metamorphic deposits (e.g. Kansanshi) (Figure 
F-1).  Three samples of nickel sulfides plot up into the field of residual brines while one sample of 
nickel sulfides plots into the field of halite dissolution brines.  The data may suggest a mixed 
salinity source of both residual brines and brines derived from evaporite dissolution.  The presence 
of dissolution brines is unsurprising given the late syn-metamorphic age of the deposit. Fluids 
within copper sulfides from the deep copper zone display consistently lower Cl/Br ratios than 
fluids from the nickel sulfides.  Though the data set is small this may indicate a different 
mineralizing fluid was responsible for copper mineralization.  
The overall fluid inclusion solute compositions from the Central African Copperbelt data 
set appear to record an evolution from pre-metamorphic (stratiform) deposits formed primarily 
by residual, seawater-evaporative brines, to post-metamorphic, structurally controlled deposits 
formed with a significant component of halite-dissolution brines. Enterprise falls in the middle of 
this overall evolution. The data suggest that evaporitive brines were preserved for a long time in 
the rocks at Enterprise and were present up to and into the Lufilian metamorphic event.  Such 
brine preservation, presumably due to the high brine density, has been noted in other areas 




Figure F-2:  Plot of Enterprise fluid inclusion solute data. A. Plot of Cl/Br and Na/Br molar 
ratios. The black dashed arrow indicates the direction of Cl/Br and Na/Br molar ratio change in 
residual brines as seawater evaporates and precipitates evaporite minerals (after McCaffrey et al., 
1987). The red dashed arrow shows the trajectory of residual brines during the 300 million year 
metallogenic evolution of the Katangan basin system. Most of the Enterprise data plot in an area 
of potential overlap between residual brines and brines derived from halite dissolution.  One 
sample of nickel sulfides clearly plots in the residual brine field.  B (inset) lot of K/Na and Cl/Br 
molar ratios. The black dashed arrow indicates the seawater evaporation trajectory (after 
McCaffrey et al., 1987).  The solid arrow shows the calculated mixing trend between a highly 
evaporated residual brine and brine with a pure halite-dissolution composition.  The Enterprise 
data plot in the overlap area between the two fields but the data tend toward the evaporation 
(residual brine) field.  Note that apparent separation between the nickel sulfides and the copper 
sulfides (low Cl/Br ratios). 
 
 
